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INVESTIGATION OF THE TKE OP A RUBBER ANALOG 
IN THE STUDY OF STRESS DISTRIBIfflON 
IN RIVETED AND CEMENTED JOINTS 
By Louis R. Demarkles 


SUMMARY 


This investigation was imderteiken to study the stress distribution 
within cemented and riveted metal joints by use of an analogous Joint 
constructed of a highly fl:exlble material. ^ means of displacement 
measurements obtained frcan foam-rubber analogs it is shown that the 
distribution of shear in these joints is not \miform over the length 
of the joint, but that it is greater near the ends than it is in the 
middle as long as the stresses are kept within the elastic range in 
which most fatigue loads occur. 

Because of the very low modulus of elasticity of the foam rubber, 
all displacements occurring in the analogs are greatly exaggerated, sane 
so greatly as to indicate that certain factors hitherto unknown, and 
others whose existence has been suspected but unproved, may, when 
properly evaluated, explain the concentrations and redistributions of 
stress that cause the discrepancies between the results of tests and 
currently accepted methods of analysis. Displacements on the cemented- 
jolnt analogs were great enou^ to be measured to 0.01 inch cai grids 
drawn on the edges of the specimens. Displacements at 11 points in 
each of several sections in the riveted rubber analogs were measured 
with the same precision on X-ray photographs showing indicators - thin 
metal rods or pieces of thread soaked in lead nitrate - which were 
inseirfced into the rubber before the loads were applied. 


THTRODUCTION 


Tie distribution of loads within riveted, bolted, and cemented 
joints has been the subject of many investigations (for example, refs. 1 
to 6) . Eran these investigations and from, fatigue tests of such joints 
(refs . 7 to 9) ^ it is evident that iliere is a lack of ccniplete \inder- 
standlng of the internal stress distribution within joints. Previous 
studies, in which mechanical or electrical strain gages were used, were 
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tedious at "best and were frequently limited In scope because the 
structural elements were not extremely slinple sections. 

Strain-gage data were often affected hy preconceived notions on 
the part' of the person who located the gages- Important strains could 
go unmeasured if the research scientist had no suspicion of their 
presence, and evidence of their possible existence could be obscured 
by inaccuracies in the determination of very small deflections. Atten 5 )ts 
to correlate strain-gage data from various sources on structural elements 
of varloxis sizes and shapes have been disappointing and the conclusion 
has been reached that a different approach was needed to indicate how 
and where significant strains would occiir. 

It is impracticable to measinre internal strains in metal members 
and in^jossible to obtain a metal having a low-enou^ modulus of elas- 
ticity to. give displacements visible to the naked eye. The purpose of 
this report, therefore, is to describe an investigation in which the 
stress distribution within a cemented or riveted metal joint was studied 
by means of an analogous Joint constructed of a highly flexible material. 
Ihe aim was to magnify all displacements that could be eJipected in metal 
specimens of practicable size so greatly that they would become visible. 

Few plastics have linear stress-strain curves and all tend to creep 
under loads of moderate magnitude when they are imposed for moderate 
periods. Investigation of several other materials and study of previous 
work (refs. 10 to 15 ) indicated that foam rubber would be the most suit- 
able material to use since it had a very low modulus of elasticity, a 
linear stress-strain relation up to 50 percent elongation, and reasonable 
creep characteristics. Under the low stress intensities involved, it 
was found that foam-rubber specimens showed no effects frcan creep or 
hysteresis. 

Preliminary X-ray tests indicated that specimens 5 inches or more 
in depth coilLd be penetrated without difficulty. Such specimens gave 
clear images and, when suitable indicators were used, showed the relative 
movements of the internal fibers of the specimens in considerable detail. 

Subsequent tests were confined to perfecting techniques for measuring 
surface displacements and internal strains in foam-rubber specimens built 
to simulate cemented and riveted Joints in metal plates. 

This work was done at the Massachvisetts Institute of Technology 
under the sponsorship and with the financial assistance of the National 
Advisory Committee for Aeronautics, ffoch of this work could not have 
been carried out had it not been for the able assistance of Mr. G. 
Falabella, Jr., in fabricating test specimens and offering many valuable 
suggestions in testing and in the preparation of this report. The 
assistance of Mr. J. E. Gleck of hhe Firestone Industrial Company in 
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obtaining the necessary sizes and qiiantities of Foamex rubber greatly 
aided this work. Appreciation is also extended to the U. S. Rubber 
Company for supplying Key Ion rubber and to the Goodyear Tire and Rubber 
CoDipany for supplying Airfoam rubber. 


FOAM-RUBBER PROPERTIES 


The tensile and shear properties of available commercial foam 
jfubbers were determined by test. Hie foam-rubber materials considered 
included Koylon, Foamex, and Airfoam, products of U. S. Rubber Company, 
Firestone Industrial Company, and Goodyear Tire and Rubber Con^jany, 
respectively. Foamex was used for most of the analog specimens. 

Tensile tests of these materials were performed on a simple testing 
machine consisting of a rectangular guillotlne-iype frame having a fixed 
base and sliding head, as shown in figure 1. iLoad was transmitted by a 
cable and pulley system to the sliding head and thus to any specimen 
inserted between base and head- The sheet material, as delivered, was 
15 Inches wide and h3 inches long. A gage distance of 10 inches in the 
middle of this length was considered beyond the Influence of secondary 
effects from the plates which were cemented to each end of the rubber 
sheet to distribute the load and permit the specimen to be held in the 
testing machine by a simple bolted connection. Preliminary teats showed 
that the tensile properties were independent of width; however, the full 
15 -inch ^dth was used in view of the size of the proposed models. The 
strain waa canputed from, caliper measttrements between gage lines for a 
range of loads. The results, plotted in figure 2, include various sheet 
thicknesses for foam materials available at the time of testing. Strains 
in the direction of width and thickness of the sheet were also recorded. 

Shear properties of Koylon, Foamex, and Airfoam were obtained from 
torsion tests. Disks 3 inches in diameter, cut from each of the materials, 
were cemented between two metal plates. One of 1die plates was rigidly 
attached to a vertical test rig, leaving the other plate free to rotate. 

A suitable harness attached to the free plate allowed torque to be 
applied to it without imposing bending or simple shear on the specimen. 
Figure 3 shows how targets suspended on hcxrlzontal arms were used to 
find angular displacements or twist of the disks. Vertical displace- 
ments of the targets were measured by a motor-driven cathetemeter and 
small angles were ccanputed frexn their tangents. The modu l u s of elas- 
ticity in shear was obtained from the relation 
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where 


torq.xie, in-Ib 
thickness of specimen, in- 
angle of twist, radians 
polar moment of inertia, in.^ 

The thicknesses of materials used are listed in figure 4. No torsion 
tests were performed on Airfoam since insufficient material was avnilahle. 

The results of the tensile tests for all three materials are summa- 
rized in figure 2. It is evident that the tensile stress-strain relation- 
ships are linear up to relatively large loads. Excluding the Airfoam 
material, linearity continues to an elongation of 40 percent at a stress 

between 2i and psi. The three grades of Airfoam cover quite a large 

range of Young's modulus ccanpared with the other foam-ruhher materials 
tested, and linearity apjjears to continue over a greater percent stretch. 
It is important to note, however, that all materials show a close simi- 
larity to the tensile property curves for aluminum within the elastic 
range. 


T 

t 
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Young's moduli E were determined from the straight-line portions 
of the plots. For convenient coEparison the values obtained are listed 
in table I. These values indicate iiiat Key Ion is stiffen than Foamex 
but less stiff than Airfoam (firm) . Thickness apparently has an effect 
on the moduliis as shown by the results of 1/4- , 1/2- , and 1-inch sheets 
of Foamex. The thickest sheet haa the lowest modulus. This may be 
caused by the presence of a "skin" on one side of the sheets and a differ- 
ence in porosity throu^out the sheets. Such skin was thin, and the 
differences in porosity sli^t, but the skin thickness for iiie thinner 
sheets represents a larger percent of the total, and the porosity, due 
to gases escaping dijring cooling of the rubber, is finer in the thinner 
sheets. The "bubbling" is less violent and the resulting porosity more 
uniform. 


The shear moduli in figure 4 do not Include the Airfoam material 
because the material available was inadequate for preparing specimens . 
However, it is probable that the Airfoam is linear in shear as well as 
in tension and that the G-values vary about in proportion to the modulus 
of elasticity for Airfoam of different grades. Measurement of the 
stral^t-llne portions of the curves provided the values of moduli of 
rigidity G given in table I. As would be expected from the tensile 
tests, Koylon is stiffen in shear than Foamex. It seems reasonable to 
expect that it would be less stiff than Airfoam (film) had the latter 
been tested. 
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Eie ratios of modtili of rigidity to elasticity G/E are as follows: 
For l/lt— inch Koylon, 0-505; for l/4-inch Foamex, 0-500; for l/2-lncb. 
Foamex, 0-255; for 1-inch Foamex, 0-290- These results indicate a 
possible error in the detennlnation of G or E for the l/2-lnch sheet - 
Since E was found frcxa a 10- hy 15-lnch test area and G fran a 5-lnch 
disk, it is possible that the value of G found for the l/2-inch Foamex 
is the quantity in error- Excl-uding the l/2-inch sheet, the G/E ratio 
for foam rubber may be taken as 0 - 50 , whereas for aluminum-alloy sheet 
of aircraft thickness this ratio varies from 0-58 to O.Ij-0- It is felt 
that this difference is acceptable for the present investigation, althou^ 
it is recognized that displacements involving both shear and normal stress 
may not be correctly represented in the rubber models - 

Using the experimental value of 0-50 for the G/E ratio for foam 
rubber, Poisson's ratio p ccxnputed from the relation for isotropic 
materials E = 2G(1 + p) is 0.6jf or twice the value usually accepted 
for aluminum alloys- However, Poisson's ratio, as found experimentally 
frcm measured changes in length, thickness, and width for foam rubber, 
was about 0-53^ as shown in table X; this value approximately equals 
that for alxmiinijm alley- The sli^t variation in Poisson's effect for 
the thickness and width directions in foam rubber probably indicates 
the nonlsotropic nature of the material, but the approxinate formulas 
developed for cemented lap joints do not Include Poisson's ratio so that 
a determination of its importance need not be made at this time. 

After the tensile and shear properties of these materials had been 
determined, models were constructed to simulate cemented and riveted 
joints between aluminum sheets. Because of the availability of Foamex, 
it was selected for uise, althou^ either Kqylon or Airfoam could have 
been used with conparable results. 


CEMENTED JOINTS 


Recent developments in processes for cementing metals have pro- 
vided another method for the fabrication of aircraft structures. Ihe 
relative simplicity of cemented joints (fig- 5) / their relatively high 
strengths with both light- and heavy-gage materials, and their potential 
savings in wel^t favor their substitution for riveted joints, but a 
lack of engineering data and reliable design criteria is retarding their 
use at present. 

The analysis of a cemented joint is not the simple matter that the 
continuous natiure of the bond would indicate. Although load is contin- 
uously transmitted along the length of a cemented lap joint, as con- 
trasted with a riveted joint, the ends of the cemented area may carry 
the greater part of that load and the inner portion may be li^tly 
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stressed. This tendency to concentrate stress at the ends of the lap 
results from the differential straining of the Joined memhers sind 
indicates that the common asstiraption that the load carried by a Joint 
of constant width varies directly as its length is, in general, imten- 
able. Theory indicates the assun 5 >tion to be reasonable when the shear 
properties of the cement and the material Joined are essentially equal 
and when the members are scarfed or tapered in thickness to equalize 
strains. A completely rational analysis for even a simple lap Joint 
is still to be achieved, but the present explorative investigation 
making use of Foamex ihbber and metal Joints shows promising possibil- 
ities for an approximate procedure which includes a number of simplifying 
assimptlons. 


Test Procedure 

Several cemented lap Joints constructed of Foamex were investigated 
under various tensile loads. Three sheet thicknesses, l/^, 1/2, and 
1 inch, were \ised in the construction of the first lap Joints. The 
length of overlap varied, but the over-all lengih. and width of the spec- 
imens, 20 by 6^ inches, were the same for all. The overlap used for the 

1 / 4 -inch and l/2-lnch materials was 2 inches and for the 1- inch- thick 
material, 3 inches. A type of latex cement which, when dry, possesses 
properties similar to the foam rubber was used for banding the sheets. 

Black shellac (a suspension of fine lamp black in shellac) proved 
very satisfactory for marking a 1/4- inch grid on the rubber in the regions 
of the Joint at which displacements were to be measured. The shellac, 
with its fast-drying q-uality, minimized broadening of the lines due to 
seepage into the rubber and the lamp black provided an indicator suffi- 
ciently opaque to be clearly recorded when photographed on contrast film. 
Figures 6(a) end 6(b) are tracings of this grid as made from the 
photographs . 

The marking device \ised was a grid of wire, chosen to give the 
desired spacing and thickness of line, mounted in a wooden frame. After 
a thin layer of black shellac had been brushed onto the wires, the pre- 
pared grid was pressed against the rubber and the shellac treinsferred 
to it. 

Jfetal clamps were bonded to the free ends of the sheets by special 
metal-to-rubber cement so that the load would be distributed imlformly 
across the specimens when they were mounted in the apparatus used for 
the modulus-of -elasticity tests of the sheet materials (fig. l) . 

Certain precautions were found necessary in the actual testing and 
photographing of these specimens. Each specimen was mounted to have 
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freedom in tending and vertical translation tut to te restricted in 
torsion and horizontal translation. This allowed the desired movements 
of the model under load and statilized the rather flexible material. 

Since the lines of action of the forces on the lap Joint and the center 
lines of each sheet were not coincident, care was taken to offset the 
points of application of the loads to obtain colinearity of the applied 
forces . 

Photographic methods for recording the displacements of the grid 
req.ulred developing a technique having an accuracy that would allow 
duplication of results. Care waa found to be necessary both in taking 
the photographs and in processing the film. For each loading, the 
camera was positioned and leveled so that the plane of the film was 
parallel to the plane of the grid and the center of the lens was at 
the same hei^t from the floor as the center of the grid. This mini- 
mized optical distortion. Since the cut film used was 2-^ inches by 

3^ Inches, enlarging was necessary to indicate full-scale displacements 

of the grid, and, in order to record and follow the angular and linear 
displacements from model to enlargement, it was found necessary to 
place targets ruled with 1-inch squares on each side of the model so 
that portions of each target were included in each negative. These 
targets did not move when the models were loaded and, hence, all dis- 
placement of the grid due to translation or rotation of the joint area 
under load could be referenced to lines on the fixed targets. The dis- 
placement data for the rubber-analog joints included and analyzed in 
the body of this report are for the 5-inch-lap, 1-inch-sheet model at 
a l6-pound tensile load. 

Four cemented magnesium specimens were also tested under tensile 
loads. Two single lap specimens (fig. T(a)) having a 1-lnch overlap 
were made from l/k- by 1- by 6-inch pieces of magnesium. Two double 
lap specimens (fig. T(^)) having a 2-lnch overlap were made from l/h- 
by by 6-inch pieces with l/8- by 1- by 2-inch cover plates. 

Photogrids with 0.01- inch spacing were placed on each edge of the laps 
as shown in figures 7(a-) sind T(b) in an effort to get strain distribution 
along the lap. The ends of the single lap specimens held by testing 
machine grips were adjusted to have the plane of the cement coincide 
with the plane of loading to reduce beMing or tearing forces on the 
joint. 


Results and Discvission 

Tie results of the tensile test on -th.e 5 -inch- length lap, 

1-inch sheet sinple Foamex cemented joint under the l6-pound load are 
presented in figures 8 to Ik. These ciurves represent the first 
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attempt to ottain normal and shear stress distributions throu^out a 
lap joint by the rubber-analog method. (The method of computing the 
nonnal and shear stresses is given In appendix A.) A qmlitative 
sinnmary of these distributions is shown in figures 12 and 13 , where 
regions of essentially equal stress are connected by continuous contour 
lines . 

Ohe normal stress distribution across the lap is plotted for each 
row of the grid in figures 8(a) to 8(f) • Ihe curves indicate uniform 
stresses across each sheet thickness for regions at the extremities of 
the joint and rapidly changing stresses near the faying surface. They 
show a gradual change in distribution until, at a section about halfway 
along the length of lap, the normal stress distribution becanes nearly 
uniform across the thickness of the lap. Maximum normal stress occurs 
at the loaded ends of the lap and is about equal to the average normal 
stress for the single sheet. Maximum shear" stress occurs on the faying 
surface near each end of the joint. 

The experimental data used for figures 8(a) to 8(f) are cross- 
plotted in figures 9(a-) to 9(<3.) • Proceeding from the free edge, the 
normal stress distribution frcan free end to loaded end varies quite 
linearly at first and then changes gradually until the distribution is 
nearly uniform along the faying sinrface. The uniform normal stress dis- 
tribution along the faying surface and across the lap halfway along its 
length accoxmts for the crosslike distribution pictured in figure 12. 

The distribution of shear stress across the lap is presented for 
each row of grid in figures 10(a) to 10(f) . The values of shear stress 
rise nearly linearly from low valxies near the free edges to maximum at 
or near the faying surface. The experimental curve of figure l4 is a 
cross plot of the shear values at the faying surface. Althou^ a closer 
spacing of the grid might yield more consistent data, values from these 
faired curves are used in this investigation. The maximum shear stress 
along the faying siirface occurs at the ends of the lap and the minimum, 
halfway between the ends> and the experimental plot of stress closely 
agrees with the theoretical curves of figure 14 in distribution and 
magnitude. The experimental cTorve indicates a maximum shear stress 
about 30 percent greater than the average (load/cemented area) and 
about 70 percent greater than the minimum. As would be expected from 
this agreement, the theoretical curve Indicates similar differences 
among the maximum, minimum, and average stresses. 

Cross -plotting the experimental data of figures 10(a) to 10(f) 
yields a distribution of shear stress along the lap (figs. ll(a) and 
11 (d)). Columns C, D, E, and F, in the vicinity of the faying surface, 
have maximum and minimum values located at positions similar to those 
along the faying surface. In columns A, B, G, and H the reverse is 
true. Tiis change in location of maximum stresses accounts for the 
difference in character of the lines of eqiial stress drawn in figure 13 * 
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An investigation of the strength of glued joints made hy De Erviyne 
(ref. Il4-) indicates the existence and in 5 >ortance of the stress concen- 
trations at the ends of the lap joint and enqphasizes the nonlinear 
variation of failing load with changes in lap length. The concentration 
of stress prohahly involves large shear stresses plus sizeable trans- 
verse "tearing" stresses across the cement. Goland and Relssner 
(ref. 15 ) as well as Jenkins (ref. 16 ) agree with this idea. Experi- 
mental verification of the types and magnitudes of the stresses is 
desired, and ultimately required, hut not yet available. Evidence of 
shear stress concentration near the ends of the lap in ilie rubber 
analog can be seen in figure I 5 , but sufficient data are not available 
to show quantitatively or qualitatively the relative ratios of the 
tearing and the shearing stresses. 

The loads at failijre in the tests of the cemented magnesium lap 
joint are shown in figures 7 ( 8 ') and 7 ( 1 ^)^ T^U-t no data are inclMed to 
show the strains indicated by the photogrid. The grid was photographed 
with and without load and the results were enlarged. Displacements were 
so small, however, that, when the scale of enlargement was sufficient 
to show them, the lines of the grid were so greatly magnified that 
acciurate measurements could not be made frcxa them. Failure of the bond 
did not occiar until the yield point of the metal was passed. The mag- 
nesl\mi used in these tests met Army-Navy specification AN-M-29 type A 
and had a yield of about 22,000 psi. Shear stress near the end of the 
bond at maximum load was about 3 j 900 psi for the double lap specimens. 
Cemented joints formed with thln-gage materials often do not fail until 
the yield point of the metal has been reached, but it was not antici- 
pated that the cement would transmit so large a load in the case of 
heavy-gage material. 

If a material having a hl^er yield point than magnesium had been 
^lsed, the joints mi^t not have failed until that metal yielded, but 
insufficient data are available to establish this as factj hence, it 
cannot be determined whether the factor producing failure in the adhe- 
sive is a critical rate of change in strain or a critical total strain. 
The Redux cement used in these tests appeared to be a rather brittle 
material but one having hl^ tensile and shean properties. The thick- 
ness of the cement was between O.OO 5 inch and O.OO 8 inch and average 
shear stresses between 2,000 and 4,000 psi were developed across the 
thin layers. 

Hie cemented Joint failed i mmediately when the nagnesium reached 
its yield point, with separation occurring at the end of the joint away 
from the free end of each metal piece. In the single lap specimens, 
the additional stresses due to small bending or tearing forces intro- 
duced because the plane of the faying surface did not coincide with the 
lines of action of the loads apparently caused failure at a lower load 
and stress than was the case in the double lap specimens. No warning 
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of impending failure was given. Taut a slight cracking sound could he 
heard the Instant before the bond failed. The cement used had a hl^ 
creep rate and it was found that a constant low rate of load applica- 
tion had to be maintained to hold the specimen at a definite load. 

Since the transfer of load between two metal pieces cemented 
together occiirs primarily by shearing forces in the plane of the cement, 
the shearing stress distribution along the faying siirface appears to be 
of first Importance in the development of a theory to be used as the 
basis of a design procedure. The simplified mathematical analysis 
included in this report, appendix B, was developed with this in mind, 
and the results from the tests of the metal specimsns, when conpared 
with the theoretical formulas, are in good agreement. !Die correlation 
between theory and experiment apjjears sufficiently close to warrant 
additional esqteri.mentation on metal models of different lap lengths and 
loading conditions for several different cements and metals. 

It is believed that data back-figured from sped mens having Joint 
lengths great enou^ to fall at essentially constant loads may be used 
for the prediction of the failing loads to be expected on shorter lap 
lengths. Ihe data available show that a reasonable approximation may 
be expected, but they are not adeqmte to indicate the probable error 
involved when stresses on the longer Joints exceed the proportional 
limit of the metal while those on the shorter Joints remain within the 
elastic range. It is probable that the parameter k back-figured 
frcm tests involving plastic deformation of the metal will, when used 
in the theoretical formulas, yield unsafe values for predicted failing 
loads on Joints stressed below the propcartlonal limit. The extent to 
which this is true has not yet been determined. 

In appendix C, consideration is given the increases in stress in 
the cement when bending occiars in one of the sheets in a single lap 
Joint. The analysis is approximate and applicable only to Joints having 
sheets of equal thickness. 


RIVETED JOINTS 


It has long been accepted practice in the design of riveted Joints 
to assume that a load having a line of action passing throu^ the 
centroid of the rivet group is distributed uniformly among the rivets. 
This assumption is tenable for static ultimate loads on Joints in 
ductile materials. It is not acceptable for the analysis of Joints 
loaded in the elastic range, nor for the less-ductile, hl^-strength 
aluminum alloys. Rosenfeld (ref. I7) found analytically and experi- 
mentally that the load on a riveted Joint is not eqmlly distributed 
among -the rivets but that the end rivets carry a greater portion of 
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the load thaji the inner rivets. Hill and Holt (ref. l8) , Jenkins 
(ref. l6), and Moisseiff, ]fertman, and Moore (ref. I 9 ) obtained experi- 
mental resTolts confirming this nonuniform load distribution among 
rivets in a multirivet Joint and pointed out that, as the ultimate load 
is approached for a riveted structtnre, the load is redistributed 
equally among the rivets. Since most repeated or dynamic loads asso- 
ciated with fatigue in aircraft produce stresses below the elastic 
limit of the materials in the joint, it is imperative that a more 
accurate procedure be established for distributing load among rivets 
which are vised in groups. 

Spot-welded or bolted connections are analogous to, but not iden- 
tical with, riveted joints in that the load acting on a group is not 
distributed uniformly to all elements in the group. Local stress con- 
centrations associated with welding and with the play in bolts differ 
from those occurring witli rivets, but it is believed that a practicable 
design procedure which indicates a safe and satisfactory distribution 
in a riveted connection can be modified without excessive difficulty to 
apply to spot welds or bolts. 

Because of their discontinuous nature, such joints present a more 
difficvilt problem than does one made wlidi cement, and solutions based 
on the calculus of finite differences may be required in place of those 
found by infinitesimal calcvilus. It seems probable, however, that the 
end rivets in a line will be loaded more heavily than those near the 
center, just as a cemented joint transmits a heavier shear stress near 
its ends. For a first approxlmatlcn to the determination of the distri- 
bution, it therefore seems reasonable to consider methods of modifying 
■ttie cemented- joint formulas to Indicate the loads carried by individual 
rivets, bolts, or spot welds when the stresses produced by static loads 
are within the elastic range. 

If such methods can be found, they should be useful in the approx- 
imate analysis of joints subjected to repeated- or dynamic-force systems. 
If adequate for such purposes and sin^ile enou^ to be practicable in 
routine design, they should be helpful in the analysis of joints sub- 
jected to fatigue conditions vmtil furHier study can be given the 
effects of each of * the variables involved in this very complex problem. 
Available fatigue data, for the most part, lack dimensions or other 
information required in an analysis based on modifications of the 
cemented- joint formulas, but the results from a very limited number of 
specimens indicate that such an analysis is feasible. 

He results of the investigation reported herein indicate that 
much can be learned as to local bending, local stress concentrations, 
and similar factors by the use of a foam-rubber analog subjected to 
static loadings. All deformations eire greatly exaggerated in such an 
analog and effects that ml^t pass entirely unnoticed in a metal spec- 
imen show up as factors to be considered when seen in rubber. 
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Since Foanjex and similar rubbers can bejprocured with an essentially 
straight line relation between tensile stress sind siirain over a reason- 
able working range, and since they may be worked and X-rayed without 
great difficulty, they should be very useful in future studies of tensile 
load distribution. Because of their porous texture, foam rubbers do not 
behave like Isotropic solids under cai^iressive loadings) hence, they may 
not make perfect sinalogs where compression or shear or both are signifi- 
cant. Where stresses are predominantly tensile, as with the riveted 
joints investigated herein, it is believed that the relative deformations 
of the sheets between rivets are correctly indicated. To attempt strain 
measurements to five significant figures wo\ild, of course, not be justi- 
fiable, but to be able to measure them with a foot rule, or a scale 
divided into hundredths of an inch, is a feature not to be passed over 
lastly. 


Test Procedure 


Two experimental rubber models were constructed for preliminary 
tests, a single- and a triple-rivet double lap joint. The deformations 
of rivets and sheets \mder various tensile loads were Indicated by 
markers and recorded by X-ray photography. 


The single-rivet lap joint of figure 15.(a) was made from sheets of 
Foamex 5 inches wide and 16 Inches long. The joint consists of a 1-lnch 
Foamex inner sheet with two outer sheets of l/2-inch thickness. The 
triple-rivet model was similarly constructed except that the sheets were 


twice as long. Rivet holes 1^ inches in diameter with edge distances 
twice the hole diameter were cut by a specially designed tool. Shanks, 
1^ inches in diameter and 1^ Inches long, were cemented to round heads 


2^ Inches in diameter to form Foamex rivets. Hie above ccambinatlon of 

dimensions gave somewhat the effect of a driven aluminum rivet and 
helped to stabilize the model. These riveted models were mounted in 
the tensile teat apparatus of figure 1 in the same manner as were the 
cemented models. 


Cotton threads soaked in lead nitrate and then dried were placed 
along the center line of the model parallel to the rivet shanks and 
along the center line of the 1-inch sheet perpendicular to the shanks. 
Insertion of these threads was made possible by first passing a small 
hollow needle throu^ ttie model at desired locations and threading the 
cotton line through the needle before withdrawal of the needle. Because 
of their. -flexible nature these threads offered little bending restraint 
but did restrict longitudinal displacement of the rubber. V/hen X-rayed, 
these threads, the sheets, and the rivets were all visible cn the 
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negative when the proper X-ray voltage and exposure time were used. 
Figures 15(a) and 15 (l>) are tracings from an X-ray negative of the 
single-rivet joint under a 5-pound tensile load. 


Based on the res^ilts of these preliminary tests, a third model was 
constructed. Biis was designed for two rivets hut was proportioned so 
that it could he converted into a three-rivet model. Any major discrep- 
ancy between test results of the two- and three-rivet specimens arising 
from sli^t variations fo^lnd in i*uhher sheets from the same manufacturing 
process were eliminated hy this means, hut minor effects resulting from 
variations in rivet properties were not. Ohe deformations of rivets and 
sheets under various loads were indicated hy an improved TnH.rlfi r>g system 
and recorded hy X-ray photography as before. 


Ihe model was made from sheets of Foamex 5 Inches wide and 26 inches 

long. The joint lap consisted of a 1-^ - inch- thick sheet with two outer 

16 

sheets of l/2-inch thickness . Rivet holes inches in diameter with 

edge distances twice the hole diameter were cut with a special hole saw. 
Shanks, 1^ inches in d i a m eter and 1^ inches long, were cemented to rotmd 


heads ^ inches in diameter to form Foamex rivets. The length of the 

rivet shank was chosen to develop seme tension in the rivet and to pro- 
duce a damping action on the rubber sheets^ the diameter was chosen so 
that the rivet shank woiild "fill" the hole. A plain round-head rivet 
was used since other shapes did not provide enou^ stiffness to produce 
satisfactory clamping action. This cemhination of dimensions gave some- 
what the effect of a "ti^t" alianlnum rivet and helped to stabilize the 
model. 


!Hie mankers used to indicate deformations in these models consisted 
of both fine cotton threads soaked in lead nitrate as before and 
1/64- inch-d i a m eter steel drill rods. Both thread ad steel rod were 
inserted by the hollow-steel-needle method. The location of these 
markers across the width of the 1-inch and l/2-inch sheets is shown in 
figure l6. In order to identify the individual ilireads, and also the 
steel rods, a system of knots was emplcyed. Starting at one edge of 
the rubber sheet, the first thread contained no knots, the second had 
one, and so forth, with the fifth thread containing four knots. Thf> 
steel rods were Inserted halfway between each pair of threads and half- 
way between the outer threads and the edge of the rubber. The combina- 
tion of leaded threads end steel rods offered no restraint against local 
bending deformation or longitudinal displacement of the rubber. Threads, 
rods, sheets, and rivets were all visible on the X-ray negatives when 
proper exposures were made. 
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The rivet model was placed in the testing machine of figure 1 with 
one end held fixed. Wei^ts were applied to the other end and were free 
to find their equilihrivnn position so that pure tensile loading was 
applied to the specimen. A l/32-inch-diameter steel marker was Inserted 
in the 1 -lnch ruhher sheet a short distance from the other markers and 
this was used as the reference point for alining the X-ray beam. The 
X-ray machine used emitted rays from a point source, and by setting the 
head on a horizontal line with the reference marker, the rays passing 
throu^ all other markers were inclined. The relative displacements of 
adjacent markers in the joint area were an^jlifled by the parallax of 
the inclined rays so that each thread and rod could be readily identified 
on the X-ray film. 

The plane of the rubber model was oriented so that the reference 
marker and the thread having no knots were near the edge closest to the 
X-ray head. The threeud having four knots and the X-ray film container 
were near the edge farthest from the head. The film container was as 
close to the edge of the specimen as was possible without interfering 
with the displacement of the model under load. ' 

Since the images of the markers were projected onto the film by 
inclined rays, corrections had to be made to the displacements measured 
on the film in order to obtain the true "elongations" between the markers 
in the model. These displacements were measured with a scale graduated 
into hundredths of an inch and corrected by the procedure outlined in 
appendix D. The resulting strains were converted to stresses and the 
loads on the sheets between rivets were then obtained by summing the 
stresses over the width and thickness of each sheet. The differences 
in loads carried by sections above and below each rivet were taken as 
the load on the rivet. 

Type-M Eastman Kodak X-ray film was found to give satisfactory 
results. The steel markers and cotton threads showed up well with an 
exposure time of 155 seconds on a 17 - hy 15-lnch negative. A Picker 
150 -kilovolt portable X-ray unit with a Machlet Thernax Tube was used 
in these tests. The voltage used was 40-kllovolt at 8 mllliamperes . 

The size of joint and the loads that can be employed are directly 
dependent on the size of film available. 


Results and Discussion 

The preliminary, exploratory tests were used to evaluate the X-ray 
technique for studying the behavior of riveted joints. No measurements 
were made on these models, but general observations were recoided. 

Prom a consideration of the single-riveted lap joint (figs. 15(a) 
and 15 (h)), the following observations are significant: 
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(1) GZhe cross-sectional area of the rivet shank changes from circu- 
lar to elliptical under the influence of the bending and shearing forces 
exerted by the sheets. likewise, the rivet holes in the inner and outer 
sheets are distorted. Hiese shape changes undoubtedly indicate large 
local stress concentrations and gradients. 

( 2 ) The l/2-lnch sheets separate from the 1-inch sheet at their 
free ends causing bending across the rivet hole. This is believed to 
explain fatigue failures throu^ the holes near the "unloaded" ends of 
riveted joints. 

( 3 ) Rivet heads are compressed where they bear into the outer 
sheets on the side of the hole away from the free ends of the sheets. 

Hiis action may account for rivet-head failures under repeated loads. 

(4) There is evidence of compression between the inner sheet and 
outer sheets in the region near the free end of the inner sheet. Some 
of the load is transmitted by friction on the faying surfaces so that 
the stresses producing concentrations around the edges of the hole are 
not constant over the thickness of the sheet. 

( 5 ) The tendency of the rivet heads to pull through the outer 
sheets indicates the presence of large bending effects in the rivet and 
compressive stresses in the sheet under part of the rivet head. 

The triple-riveted lap joint discloses the following additional 
information: 

(6) Large distortion of the end rivets indicates that they are 
carrying a larger part of the load than the inner rivet. 

Further tests were carried out on improved rivet models to obtain 
stress and load data on the sheets and rivets. In a two-rivet joint, 
each rivet carries half the load and the load is distributed in the 
sheets between the rivets as shown in figure 17 (a) • In a three-rivet 
joint the load is not uniformly distributed among the rivets, the usual 
design method, but the outer rivets carry the greater portion, with the 
inner rivet lightly loaded. The result for one load condition on a 
three-rivet model is shown in figure 17 (i>) • 

The outer rivets carry between 55 and 40 percent of the loadj the 
inner, about 25 percent. Results of several tests indicate that each 
outer rivet in a three-rivet joint carries 56 percent of the load and 
the inner, 28 percent. GSiese figures are in very close agreement with 
those found experimentally by Francis (ref. 7) on a three-rivet aluminum- 
alloy joint whose outer rivets each carried 37*5 percent of the load and 
the inner, 25 percent. The nonimiform load-carrying capacity of rivets 
of a multirivet joint was further demonstrated experimentally by Francis 
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in a 12 -rivet alujninum-alloy joint. In 'ttie elastic range the outer two 
rivets each carried I5.5 percent, while the inner rivets each took 
5.75 percent of the load. 

ITne significance of this nonuniform load distribution in a multi- 
rivet joint is not so evident in terms of percentages as it is when 
these figures are converted to a multiple of the load that each rivet 
should carry if loaded uniformly. For the three -rivet joint under a 
load P, each rivet is asstimed to carry 0 . 355 ? by the usual design 
procediare} however, from the rubber analog "^e outer rivets carry 0.375? 
and the inner rivet, 0 . 25 ?. Each outer rivet therefore takes about 
12.5 percent more than the average and the inner, about 25 percent less 

or, on another basis, the outer rivets carry 1^ times iiie load on the 

inner rivet. The 12 -rivet netal joint shows that the outer rivets carry 
four times the load carried on those near the center of the joint. Under 
repetitive loads or reversals of stress, a riveted joint of this nature 
will be subject to fatigue failirfe in the outer rivets because of the 
much larger loads at these locations. Hill and Holt (ref. I8) si;iggest 
that, under such conditions, the ^m^lsual load distributions among rivets 
must be taken into account for a rational design. The absurdity of 
correlating static or fatigue strengths on the basis of "average" loads 
is apparent. 

Ihe loads on the rivets in the rubber specimens were determined by 
measuring strains in the 1- and l/2-inch sheets at the locations between 
rivets shown in figure 16. Data of one run for the two- emd three -rivet 
model are given in table IV. Large gage lengths were used for measuring 
strains because of the low modulus of the rubber and method of measure- 
ment employed. The loading on the entire model was checked by determining 
strains in the 1-inch sheet at a location free from stress concentraticHis 
induced by the grips or the joint itself. In each case the load on the 
model as calculated from these strains checked the actual load within 1 
or 2 percent and indicated that the method of strain measurement was 
satisfactory. Hy repeating this operation several times for different 
loads and checking each time, the effects of hysteresis were found to 
be negligible. From the loads on the sheets computed from strains 
measiared at sections between the rivets and the known load on the model, 
the load carried by each rivet was determined. The load on each sheet 
was computed independently from the displacements of the markers at 
three cross sections, each located where the local strain effects of 
the rivet and rivet hole were small. The stresses for each indicator 
were multiplied by the area associated with it; then, the product was 
totaled across the section as shown in appendix D to give the ccenputed 
load. This should equal the load applied to the specimen. The results 
checked fairly well for the two-rivet model but not so well for the 
three. Uie missing load can be accounted for partly by friction between 
the sheets and partly by the accuracy of the method of measurement. The 
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gage length and elongation between any two corresponding markers in 
different rows could he read to the second decimal place, hut accuracy 
to the third decimal place is desirable because small differences 
between essentially equal numbers are involved. 55ie diameters of the 
markers defeated any attempt to make readings to the third decimal place 

The tensile stress distributions across the width of the sheets 
between the rivets In the two- and three-rivet joints under load are 
shown in figures l8 and I 9 . The stresses con 5 )uted from the strains for 
the three gage-length locations are plotted for the 1- and 1/2- inch 
‘ sheets for the two- and three-rivet models. The average stress for each 
plotted cross section is also shown with these curves. For both models, 
the stresses across the sheets reach a maximum near the edges and a 
mlnimimi near the center. 

Hi the two-rivet models, the average stress for the three gage 
lengths of the 1 / 2 - inch sheet 1 sire greater than those for the l/ 2 -inch 
sheet 2 sls shown in figure I 8 . The load on l/2-inch sheet 1 is appar- 
ently greater than that on llie 1/2- inch sheet 2. Small misalinements 
of the holes between the l/ 2 -inch sheet 1 and l/ 2 -inch sheet 2 and the 
1 -inch sheet and differences in rivet tension are believed to cause this 
nonuniform elongation of the l/2-inch sheets. The X-ray tracing in 
figure 20 (a) shows this condition. Since differences are to be expected 
in driven metal rivets, the rubber analog indicates visually some of the 
possible effects. 

The maximum stress which occurs near the edges for all sheets is 
about 1^ times the average, while the minimum stress near the center 

line is about half the average. The effect of the rivet holes and 
rivets on the sheets between the rivets seems to be the same on the 
1 / 2 - and 1-inch sheets when under load. If the ccariblnatlon of rivet 
hole and rivet under load causes the stress at the center of the sheets 
to be one-third of that near the edge, as it appears to be in iiiese 
rubber models, the resulting stress concentrations may explain, in part, 
the poor fatigue strengths of riveted connections. 

In the three-rivet model the tensile stresses across the width of 
the sheets, together with the average stresses, are shown in figure 19 - 
The load on the l/2-inch sheet 1 is again greater than on •tiie l/2-lnch 
sheet 2 as shown by the average stresses. The stresses for the 
1-inch sheet between the upper rivets are considerably larger than for 
the 1-lnch sheet between the lower rivets. The reverse is true for the 
l/2-inch sheets where the larger stresses occur between the lower rivets 
The X-ray tracing in figure 20(b) shows this condition. The smaller 
loads on the l/2-inch sheets occur near sections MN:, NO, and OP 
(fig. 17 (b) ) while the larger loads occur near sections FG, GH, and HI. 
On the 1-lnch sheet, the smaller loads are at sections FG, GH, and HI 
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and the larger, at sections MN, NO, and CJP. The canhinatlon of rivet 
hole and rivet again produces the same stress -concentration effect under 
load as it does in the two-rivet model. The minimum stress near the 
center of the sheet is about one-third the maximum stress near each edge. 

The threads in the experimental models apparently carried a portion 
of the load; when they were removed the bending action in both sheets 
£ind rivets (observations made at beginning of this section) was more 
pronounced. 

Failijres in fatigue throu^ a row of rivet holes near a free edge * 
(fig. 21) in the outer plates of a lap joint may be explained by obser- 
vation (2) . Under repeated loading the free ends continually bend apart 
and strai^ten so that the net section throu^ the rivet hole, with its 
several possible stress concentrations, quickly beccmes a victim of 
fatigue. With local shear and bending dlsplacenfints along the length 
of the rivet (fig. 15(a)), it is improbable that the stress distribution 
is constant throughout the thickness of the sheet. It seems more 
probable that stress concentrations around the circumference of each 
rivet hole exceed, in some parts of each sheet, the values obtained from 
theory or from photoelastic studies based on xmlform distribution 
throughout the thickness of the sheet or on uniform bearing along the 
length of the rivet. This bending apart of the cover plates in aluminum- 
allpy joints has been reported by Francis (ref. 7 ) ^ Tsut such effects as 
noniaiif orm bearing between rivet and sheet are not apparent in metal 
test specimens, nor can they be measured when their presence is suspected. 
Because of the behavior of foam rubber in compression (bearing) these 
effects are not determinable quantitively in rubber -analog specimens, 
but their existence is Indicated qualitatively by the X-ray images of 
the distorted sheets and rivets. 

Hie distortion of the cross-sectional area of the rivet shank 
(observation (l)) and the distortion of the rivet head (observation (5)) 
under load indicate the severe conditions that a rivet undergoes. 

Failures in rivet heads and rivet shanks in fatigue can be traced to 
such strains. It is not only a question of the load applied to the 
rivet but of the interaction of the plates and rivets on one another. 

Local failure of sheet material around rivet heads, where the rivet 
heads pull through the cover plates under loading, may be explained by 
observations ( 4 ) and (5) . 

Observation ( 6 ) was checked experimentally as previously explained. 
The visual indication of the bent rivets with their very pronounced 
differences in amount of bending leaves no doubt that the load distribu- 
tion is anything but uniform in a multirivet joint loaded to produce 
stresses in the elastic range. 
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03ie fact that designers desire methods that relate the fatigue 
strengths of riveted Joints to their static strengths has led engineers 
to try to correlate repeated-load test data with the results of single- 
application loads which were increased imtil the Joint failed. Such 
attempts at correlation have heen unsatisfactory, and there are at least 
three reasons for this. In the first place, most repeated loads caiise 
stresses in the elastic range and result in different distributions of 
load among a group of rivets than the distributions found when parts of 
the Joint are stressed in the plastic range so that overstressed areas 
undergo displacements which tend to equalize the loads acting on the 
rivets. Efforts to correlate data from two Joints, one having two rivets 
and the other three, are obviously fruitless if each rivet in the two- 
rivet assembly is assumed to carry one-half the load while each one in 
the three-rivet Joint takes one-third. The most stressed in the latter 
group will probably carry about three-ei^ths of the load and that will 
not be transmitted to the sheet in any simple manner. 

Efforts to obtain correlation by including stress concentration 
factors ccmqjuted on the assumption of a uniform distribution of stress 
throu^out the thickness of a riveted sheet would also appear to be 
fruitless if the bearing between sheet and rivet is concentrated near 
the faying surface as is Indicated by the rubber analog or if stresses 
of appreciable magnitude are produced in the sheet near the rivet holes 
by the bending of the "free" ends of the sheet. Such factors have not 
been considered in the past nor are there sufficient data in hand from 
the tests on the rubber specimens to permit quantitative evaluation of 
them at present. Evidence of their existence iias, however, been 
obtained and fvurther study will undoubtedly lead to methods for evalu- 
ating their effects. Until rational proceditres have been developed to 
take such effects into account, little success can be expected from 
correlations of test data obtained frcm Joints having different arrange- 
ments of "identical" rivets. The neglected variables in the problem 
are, apparently, not negligible. There are probably others not brou^t 
out by these tests. 

It is almost certain, thou^ no tests have been made to show it, 
that the heads of countersoink rivets wooild have different clamping 
effects from those of the round heads used in these tests and, hence, 
that the bending of the rivet shank and the distribution of bearing 
stress along it woiild differ from those of the rivets tested. It is 
equally -probable that rivets which are driven hot, which shrink when 
they cool and clamp the faying surfaces ti^tly enou^ to transmit 
part of the load by friction between sheets, will also produce differ- 
ences in the primary factors affecting load distribution and in the 
secondary effects which produce local stress concentrations. Hiere are 
many factors yet to be determined ‘ quantitatively that affect the static 
strengths and endurance limits of riveted, bolted, or spot-welded Joints, 
but it is believed that the rubber analog, with its greatly exEiggerated 
deformations, can be very helpful in indicating which of the possible 
variables are significant and which are unimportant. 
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The load distribution among the rivets was the simplest action of 
the joint that could be determined quantitatively by direct measurement 
of local displacements on the rubber specimens . Attempts to measure 
other actions were ccurplicated by locating markers so that they could 
be readily identified on the X-ray negatives or by the need to overcome 
problems associated with the three-dimensional nature of the stress 
concentration factors. Despite this, the ability to see what happens 
within the parts of a riveted joint under load permits qualitative 
evaluation of effects which must be considered if design methods are to 
be revised. Careful use of X-ray photography will produce negatives 
from which the con^lex interactions of sheets and rivets represented in 
the rubber analog can be clearly seen and studied, and, if the test 
apparatus is constructed so that the model can be X-rayed in both plan 
and edge view, a fairly ccanplete Indication of the joint behavior ■under 
load may be obtained. 

No attempt was made to -vary the geometry of the Joint by changing 
rivet size, rivet spacing, sta gg er, sheet -thickness, sheet leng-th, and 
so forth. The round-head rivet -was the only "type used because of the 
low stiffness of this foam mbber. Stiffen rubbers can be obtained, 
but no studies were made with them. The "two- and three-rl'vet double 
lap joints -were selected because they represented a type of joint in 
general use that would yield information representative of multlrlvet 
joints without the stress concen-trations due to bending which would be 
expected in a single lap joint. This same type, ■with four or more 
rivets, ■was considered for tests, but the li mi -tat ions of the X-ray 
equipHnent available preven-ted "the use of -the longer specimens. Only 
one rivet was used in each row since resiilts from actual metal joints 
indica’te that the load distribution in a rive-bed joint having several 
lines of several rivets each is essentially identical in each line. 

The marking sys-bem and Interpretation of -data were ob-vi-ously simplified 
by -this means. 

The use of a rubber analog in "the st-udy of riveted joints is sub- 
ject to cer-tain limitations. The tensile modulus of -the rubber is of 
the order of one-mlllion-th of -that of aluminum alloys and the shear 
modulus,- of "the order of one -two-mi Hi on-fch . Tensile s-feresses in the 
rubber are about one flve--fchousand-th of those in an aluminum-alloy 
joint. Poisson’s ratio is close to the -value for aluminum alloys but 
is directional so -that some effects are dlstor-ted. The low moduli 
cause all effects in a rubber model to be exaggerated, whereas -the low 
s-feresses tend to reduce displacements. The more significant effects 
are magnified in the rubber so -that they are about 5OO times those in 
■the metal. Foam rubber is best -used in tension models since its 
abili-ty to resist buckling under compressive loading is very low and 
its modulus of elasticity in compression is not the same as it is in 
tension. The -load on a rubber model must be kept small to insure -that 
•the stress does not exceed the elastic limit, yet enough load must be 
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used to overcome any slack in the test section. It was fotmd from tests 
that the model did not "behave properly if the load was too low and it 
was found necessary to use load enou^ to insure that all slack would "be 
taken up . 


Conclusions 

Exploratory tests using the nibher analog have provided another 
means of stijdying the action of riveted Joints. lEhe models allowed a 
closer study of the interactions of jarts of the joint because of their 
greatly exaggerated displacements and because the X-ray method showed 
what happened inside the sheets and rivets. Ihe following conclusions 
have been reached from the results of these tests: 

(1) In a multirivet Joint, a load in the elastic range is not dis- 
tributed uniformly among the rivets in a line. The outer rivets carry 
a large part of that load and the inner rivets are 3 i ghtly loaded. 

( 2 ) The maximum stresses across the sheets on a cross section of a 
Joint between rivets occur near the edges and are about 1^ times the 
average stress on that section. 

(5) There is a tendency for the cover sheets to bend apart at their 
free ends under load. This condition, coupled with the stress concen- 
trations occvirring in the end rivet holes, probably e:q>lains the common 
fatigue failure of these cover sheets on cross sections which pass 
through the end rivet holes. 

(4) The problem of stress distribution around the rivet hole and 
rivet shank is three-dimensional and not amenable to elementary mathe- 
matical analysis. Eie present experimental method gives a visual indi- 
cation of the actions involved and can probably be developed to yield 
information useful in a more elabcrate mathematical analysis. 

(5) Complete static tests, including the determination of material 
properties and the dimensions of each sheet and rivet in each specimen, 
should be made on each type of Joint for which fatigue tests are to "be 
conducted so that static strength data may be available for eventml 
correlation with results of the fatigue tests. 

(6) A single-row lap Joint is not recommended for use under fatigue 
conditions because its low bending stiffness and eccentric loading 
produce local stresses which result in a poor fatigue resistance. 

(T) If several rivets lying on an axis parallel to the line of 
action of the load are defin^ as a "line” and several lying on a 
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perpendicular axis, as a "row," it is "better for both static and fatigue 
conditions to design a joint to have several lines of few rows rather 
than to have several rows in few lines. !Hiere will then be fewer 
"inactive" rivets near the center of each line, so that a more efficient 
distribution of load will be obtained. — 


Massachusetts Institute of Technology, 
Cambridge, Mass., April l4, 1952- 
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APPENDIX A 

METHOD OF COMPUTING NORMAL AND SHEAR STRESSES 


The tearing stresses were not measured since their effect on the 
normal and shearing stresses is assumed small and since they would 
require a calciilation for each square involving Poisson’s ratio which 
in the case of foam ruhher is directional ( table l) . 

The normal stress was taken as the difference between the lengths 
of the side of a square in the direction of pull for the load and no- 
load conditions. Hie stress was then obtained from the relation f^ = Ee^^ 
where E is the modulus of elasticity of the rubber determined from 
figure 2 and e-^ is the strain in the direction of load. 

Assuming that all angular distortion is attributable to shear and 
that the square deforms symmetrically, the shear strain ^ 

found from measurement of the diagonals and sides of the square. This 
distortion is shovm in the following sketch; 



Application of the law of cosines to the above sketch results in 
the expressions 

BA^ = OA^ + OB^ - 2QA OB cos a 
0C2 = OA^ + OB^ + 20A OB cos a 
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Combining and assuming small angular displacements. 


0C2 - 

4 (^ 


cos a = cos (90° - 7^) = sin = 7^ 


The stress was then obtained from the relation fg = where G is 

the modulus of rupture of the rubber determined from figure 4 and 
is the strain calculated as above. 


f 


In practice, average lenghhs were used in the determination •of normal 
and shear stresses where symmetry was lacking. In addition, all curved 
lengths were approximated by their chords. “The degree of approximation 
inherent in these assumptions would have been reduced if the size of 
rectangle used in the grip had been smaller. 
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APPENDIX B 


CEMENTED-JOINT AMLYSIS 


!Ehe traoisniiBslon of load By cemented joints is a continuous though 
not constant function, whereas that hy a mechanical joint having bolts 
or rivets is discontinuous; hence, the former should be the more amenable 
to mathematical analysis. Exact procedures, however, are cumbersome 
often involve impracticable ccm^utational labor. The method which follows 
is based in part on exact relations and in part on simplifying assuniptlons . 

Consider two sheets to be cemented along the surface AB as shown in 
figure 22 (a) . Since the lines of action of the forces P are not coin- 
cident so long as one sheet lies above the other, the sheets will bend 
\mtil the forces come into line. Moments M]_ and will be developed 

as Indicated. These will be divided between the sheets in some way 
dependent upon the relative stiffnesses, coefficients a and 3, of the 
two sheets as shown in figures 22 (b) and 22 ( c) . The axial forces will 
also be distributed in accord with the sheet thicknesses or areas, as 
represented by the coefficients 7 and A. The combined effects will 
be those produced by adding the force and moment systems of figure 22(b) 
to those of figure 22(c) . 

Study of these systems shows that the axial forces in figure 22 (b) 
produce shear along the faying surfaces while the moment system in fig- 
ure 22(c) tends to peel one sheet from the other causing both tension 
and shear in the cement. The moment system in figure 22 (b) tends to 
bend the sheets to produce shear between elements adjacent to surface AB, 
and the axial forces in figure 22(c) cause some shear if Aj ^ A2 since 
the two sheets will not \mdergo identical axial strains. Each of these 
effects is present, and all should be taken into account in an exact 
analysis. The effects of the bending are ignored because the faying 
surface of the joint in figure 6(b) shows practically no bending dis- 
placement and the analysis is based on the relative motions of the flat 
sheets shown in the simple lap joint of figure 23 or the double lap joint 
of figure 2l^. 

If cross sections which are planar under zero load remained planes 
under load P, the section abed, at the origin in figure 23, would be 
displaced to abe’d' because of the strain in the adhesive under 12ie shear 
stresses fg. However, these shear stresses do cause strains within the 
sheets so plane ab is curved to ab" and plane c'd', to c"d'. shear 

stress fg in the cement is somewhat reduced by this warping of planar 
sections in the sheets. Kie displacement Uq is the projection of ad* 
on the plane of the cement, and the stress fg depends upon the shear 
strain represented by angle b"c"c. 
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The loads P are transmitted between the sheets so that the force 
carried by the upper sheet at a section x-units from the origin is 
^x 

dx where w is the Joint width. The force remaining in 


'-'0 

the lower sheet is then P2 = P - Pi = P - / fgV 


dx 


Kien plane mnop in the unloaded Joint is displaced to become 
m'n'o’p* when abed is displaced to abe'd'. Plane m'n' in the upper 
sheet moves to m"n" because of the tension due to Pi, then to m"s 
because of the shear stress in sheet 1 . At the sajoe time, o*p' is dis- 
placed to o"p" by the axial force P2 and to p"v by the shear in 
sheet 2 . The complement of the angle nsv is a measure of the shear 
strain in the cement and its tangent is U/tg where U = Ug + Ui - 
(U2 + + Ulc) • displacements Ug, . . . Uij. are shown in fig- 

ure 23 to represent these various displacement ccraponents. Since the 
shear stress fg in the cement may be found from fg = GgU/tg, where 

Gc and t^ are the shear modul\is of elasticity and thickness of the 
cenent, respectively, it is necessary to obtain expressions for each 
displacement component . 

The initial movement of the lower sheet with respect to the upper 
is represented by Ug, the displacement of the origin of coordinates 
in the lower sheet with respect to that in the upper. This displace- 
ment Ug does not vary with x. 


The longitudinal movement of plane mn due to the elongation of 

sheet 1 between 0 and x under the axial load '^ 2 . ~ J' 

represented by Ui. Under the tensile stress f^ an element of 
length dx such as that shown in figure 25 would elongate dU3_ = f^ dx/E. 

'X 


Over the distance x this elongation would be 


Ui=/^ 

r\ 


(f^/E)dx or. 


nX pX 

^t = Pl/A = / (fsV^l)'^ = / (fs/tl)dx, 

^0 ’-'0 


since 


pX pX 

Ul = / / (fs/tiE)dx dx 

^0 ^0 


( 1 ) 
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Equilibrium in the element of figure 25 requires that shear 
stress fg » on longitudinal plane qr be f g ' = 

also requires that -f^wti - fgW dx + (ft + dft)wti = 0 and, hence, 
that df^/dx = fg/ti. Ihis leads to fg* = fg(l _ y/ti) so that the 
displacement n"s = U2 at the faying surfaces becomes 


U2 


^ fs' ay/o = fsti/20 


( 2 ) 


Similar manipulation of the displacements for the lower sheet yields 

■>x| 




( 5 ) 


jjrt2E 

Ulj. = fgt2^2G 

The expression for displacement U is tbp^n 

u = uo+. r r^dxdx - f £i_ dxW - (l^) 

'■^Q ^0 “^^l® 2G J 0 \wt2E J Q t2E j 2Q ^ ^ 

Differentiating this expression twice with respect to x yields 



Since the shear stress in the cement is fg = G^l/tj., it is apparent 
that d2[j/dx2 = (tc/Gc )(d2fgydx2); so equation ( 4 ) may be written 


d^fs 




if '\sr represents 


2GGc(ti-t- t2) 


Et2_t2 ^Gt(j + Gq ^t]_ + t2 


The solution for equation (5) is 


( 5 ) 

( 6 ) 


B.n 

f g = Sq cosh hx + — sinh kx 


(T) 
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and the displacement U becomes 


U = cosh kx + -^ sinh kx^ = cosh kx + -^ sinh kx 

To establish the constants of integration, let dU/dx = -Pp/A 2 E 
at X = 0 and Pp/AiE at x = L, p being equal to 2Gt(,/|^Gtj, + 
Gc(ti + ■^ 2 )^- Simple substitution gives a^ = -Pp^A 2 E and 
a 2 = (Pp/kE sinh kL)(l/Ai + cosh kL/A 2 ) • Since ao = G£.a 2 /tc and 
aj^ = G(;aj/tg, these are readily obtained. Then, from equation (7)^ 


( 8 ) 


= 


cosh kxj 

(A 2 + Ai cosh kL^ 

sinh kL' 

%^2 / 


sinh kx 
A2 


(9) 


This may be simplified to 


^S = 


kL 

t 2 cosh kx + tj^ cosh (kL - kx) 

sinh kL 

ti + t2 


( 10 ) 


when it is obseirved that ^’sg^^ “ P/wL and that A^^ ® wt^ and A 2 = wt 2 - 


With t 2 = ati, and fg 
becomes 


=max 


at X = 0._or X = L, equation (lO) 


= f, 


kL 


max ®av sinh kL 


( h + cosh kL \ 
1 + n / 


(x = 0) 


C = f ^ 

®max ®av sinh kL 


( n cosh kL + l\ r\ 

1 + n / 


(lla) 

(llb) 


A glance at a table of hyperbolic functions shows that sinh kL is very 

nearly equal to cosh kL for kL > 6 and that both are very large 

conroared with n or 1, so that the ratio fo Ifg for kL > 6 is 

’ ®max/ 

very nearly 


f /f = 

kL 

. (x = 0) 

(32a) 

®max/ ®av 

1 + h 

ff = ni 

f kL N 

(x = L) 

(12b) 

®max / ®av ’ 

^1 + n/ 
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The end of the Joint at ■which ■fche thicker sheet is discontinued therefore 
carries -fche greater shear stress. 

The rate of shear flow across -the Joint is not ■uniform, hut the force 

pXg 

transmit^ted between sections and is F = / fgW dx, or 

V V*. 




F = 


PGcP 


•b2(sinh kX 2 - sinh kx^} + tj^{s 3 nh (kL - kx^) - sinh (kL ~ kx^)] 


tgkE 


tit2 sinh kL 


which may he ahhre^vla-ted to 


F = PN 


(15a) 

(I3h) 


where 

^ tg(slnh kx 2 - sinh kx]_) + t 2 ^[sinh (IcL - kx^) - sinh (kL - kx2)3 

(tj + ■bg) sinh kL 

Valiies of N are given in ■tahle II. 

If the end of -fche Joint at which ■the ■thicker of ■the two sheets is 

discontinued is ■taken as ■the origin of x and if ■the ultima^te shear 

s'trength of ■the cement f- is known, "the load P to s^tart failure 

“max 

at the most s'tressed point in "the Joint x = 0 is 


fsmax^L 

(1 + n) sinh kL 

kL 

n + cosh kL 


(Ilf) 


The maximum shear stress at x = 0 ■will he 


=max 


= kLf 


av 


n + cosh kL 


(1 + n) sinh kL 


(15) 


Tahle III presents ■values of (l + n) sinh kL/kL (n + cosh kL) for 

use in equations (llf) and (I5) which are shown in grajh form in figure 26. 

Wi^th the ■values kL and n known, -the ratio of fo /fa can he 

“av/ “max 

oh-bained directly. It should he no^ted ■that sinh kL/(n + cosh kL) haa 
a -value very close to uni-by when kL is equal to or grea-ber -than 6 . A 
value of k sui^tahle for use ■with Joints of various lap lengths may 
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therefore he obtained from equation ( 15 ) if test data are available to 
give falling loads P for specimens of sufficient length for this load 
to reach an essentially constant value. Hie equation is 


k 




If, 


Sav 


(16) 


To determine f_ for a new cement, test a series of specimens 
max 

having lap lengths ranging frcan I /8 or l/k inch to 2 or 3 Inches . Divide 
the -loads at failure by the Joint areas to obtain the average shear 
stresses fg^^^ = P/wL. Plot fg^^ versus Joint length L, draw a curve 

throu^ the plotted points, and extrapolate it to intersect the fg-axis 

at L = 0. Kie value of fg at L = 0 may be taken to be f - 

av ®max 

The procedure will be illustrated subseqtaently. 

When the properties and dimensions of the cement and the sheets in 
a given Joint are all known, k may be determined without recourse to a 
series of tests. Equation ( 6 ) is the analytical expression for k^. 


At the present time, values of the shearing modulus of elasticity 
for the commonly lised adhesives are not well established. Few data are 
available as to the values of t^ or fg^^^ which may be expected in 

practice, though t^ ordinarily runs between 0.(X)5 and 0.010 inch. It 
is possible to obtain valiies of G^. from test data by use of the 
following equation; 


»c = 


t^jfe^Ent2^ 


(1 + n) 1 - 


k^Entj^ ' 


2G 


( 17 ) 


when all values except G^, are known. 


To illustrate the use of the precedlr^g equations, consider the set 
of test data on the slniJle lap Joints reported by De Eruyne (ref. 1). 
For the 0.04-25- by 1.00-lnch Duraliamin specimens the following values 
are given for the loads producing failure on Joints of various lengths; 
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L 

P 

•^observed 

^■s 

°av 

0.125 

712 

5,700 

.250 

1,225 

4,900 

•575 

1,550 

4,130 

.500 

1,800 

5,600 

.625 

2,075 

5,520 

.750 

2,109 

2,810 

.875 

2,070 

2,590 

1.000 

2,050 

2,050 

2.000 

2,057 

1,030 

5.500 

2,050 

585 


By plotting 


av 


8Lgain8t L and extending the curve drawn throu^ the 


plotted points, fg at L = 0 is 6,700 psl. Assume this to ccsrre- 

spond with the maximum shear stress in assy joint in this set when the 
cement is at the point of rupture. Hien, since n = 1 for specimens 
having sheets of equal thickness, equation (16) may be used to obtain 
k from the data on the longer sped mens in the group if written 


k = 2 ( 6 , 700 ^Lfsg^^ = 15 A 00 yPoT 3 aerve 4 

Since the width w was 1 inch for these joints, k = 15 ,i^ 0 (yPQ•^,ggJ.yg^. 

For the last four specimens, k is found to be 6 . 1 )- 6 , 6.5^, 6 . 52 , 
and 6.54, giving an average value of 6.515- Eie value of G^, obtained 

fran equation (I7) for E = 10 . ij- X 10 ^, G = 5-95 X 10 ^; tg = 6 X 10 " 5 , 
n = 1 . 0 , k = 6.515^ ti = 425 X 10 “^ is Gg = 62,600 psi. Q 3 iis is 

somewhat lower than other values obtained frcm o-^er tests on Redux 
cement. That may be due to an erroneoizs assumption for tg since 
De Bruyne did not state the cement thickness for these specimens. 

Recent tests in which t^ was known Indicate Gg to lie between 

100,000 and 125 j 000 psi. They also Indicate for Redux to be 

“max 

between 7^000 and 10,000 psi. 

In order to indicate the applicability of equation (l 4 ) to the pre- 
diction of the loads required to produce failure, the equation was 
applied to the shorter specimens in De Bruyne ’s set on the assumption 
that k = 6.515 fo = 6,700 psi. T 3 ae results are tabulated as 
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L 

kL 

2 slnh kL 

^predicted 

^predicted/ ^observed 

1 + cosh kL 

0.125 

O.81M 

0.768 

790 

1.11 

.250 

1.629 

1.356 

1,395 

1.14 

.375 

2.1445 

1.680 

1,730 

1.12 

.500 

5.258 

1.846 

1,900 

1.06 

.625 

4.072 

1.928 

1,980 

.955 

.750 

4.886 

1.968 

2,025 

.960 

.875 

5.701 

1.986 

2 ,o 4 o 

.985 

1.000 

6.515 

1.993 

2,050 

1.00 


The last column shows that the predicted loads exceed the test 
valxies for the shorter specimens and that the imconservatlve error of 
iJ^ percent is greater than could he desired. Ihis error may result from 
the fact that k is based on data from specimens stressed beyond the 
proportional limit of the metal and used with specimens stressed in the 
elastic range. The agreement is far better over the entire range than 

it would have been liad any of the values of f a computed from the 

“av 

tests been taken as an "allowable” stress to be multiplied by the area 
of the cement in order to obtain the load at failure. 

Die preceding equations can be used to some extent on the present 
test data from the cemented magnesium lap joints. Since a series of 
specimens of varying lap lengths was not available, equations (lib) and 
(6) were plotted on a common k-scale for several assumed values of 
fg and Gjj. The point of intersection of the resulting curves gave 

the desired values of fg and G„. With the following data for 

max 

single lap specimen 1, w = O.92 inch, L = 1 inch, fg = 2,100 psl, 

k = 2.855, ^Smax ~ 5^570 psi, n = 1, and Gj, = 102,000 psi, equa- 
tion (iJ^) gives 


(3,370) (0.92) (1) 

(1 + l)sinh(2.855)(l) 

(2.855) (1) 

1 + cosh(2.855)(l) 


= l,95^t- lb 

Die actual failing load for this specimen was 1,95^ pounds. 


In the case of the double lap specimen 1, using the preceding 

method for determining fg , k, and Gp, ihe data are as follows; 

max ^ 
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w = 0.99 inch, L = 1 inch, = 5,910 psi, k = 4.40, = 9, HO psi, 

n = 0 . 095 , Gq = 99,100 psi. Eq.uation (ill-) yields 


(9,110) ( 0 . 99 ) (1) 

(1 -4- 0.93)sinh(4.40) 

(4.40) (1) 

0.95 + cosh(4.40) 


= 3,852 lb 


The actual failing load fco: this specimen was 3,910 pounds. Sli^t vari- 
ations in the thickness of the plates and the cover plates and sli^t 
variations in the dimensions of the cemented area prohahly account for 
the small difference between the actual and the calculated failing loads. 

The following data for a thin gage 202ll— T alclad sheet cemented sin- 
gle lap joint were analyzed hy the above method: t]_ = t 2 = 0.0392 inch, 

n = 1, w = O. 98 I+ inch, L = O. 5 II inch, tg = 0.0055 inch, 

fsay = 4,k2T psi, fsmax "" 10^10 psi, k = 8.735, and Gg = 101,000 psi. 

Thus, 


( 10 , 110 ) (0.984) ( 0 . 511 ) 

(1 + l)slnh(8.735) 

( 8 . 735) ( 0 . 511 ) 

2,276 lb 

1 + cosh(8.755) 


The actual failing load for this specimen was 2,226 pounds. 

The formulas derived here for studying the behavior of cemented 

joints must be used with caution. 3ii this analysis f_ and k were 

“msoc . 

determined from a single specimen, not a family of specimens as described 

previously. Therefore, these values were correct only for that one 

specimen EUtd should not be applied to others of different lap lengths or 

cement thicknesses. The value of fo for a cement should be a 

“max 

constant and should not be appreciably affected by thickness of cement 
or sheet. However, fg varies widely for these three specimens 

althou^ all are Redux bonded. The variation was felt to be too great 
to attribute solely to approximations in the determination of its value. 
An explorative analysis of the effects of bending action in these joints 
(made in appendix c) shows bending to be of major importance in the 
single lap speclnens, which explains, in part, the discrepancies between 
fg for single and double lap joints. 

”IDS<X 

Equation (l3b) indicates that the force F transmitted across the 
cement between x-j^ and Xg is directly proportional to the coeffi- 
cient N, and the values of N for kL = 1.0 in table H show that N 
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increases about 0.10 for each O.IL Increment In x/L. The conclusion 
may be drawn that the stress distribution over the length of the cemented 
Joint is essentially unifonn when kL = 1. 0 or less. This is possible 
in Joints between wooden members of practicable length but not between 
metal members. 

Consider two members of aircraft spruce, each 1 inch thick, so that 
ti = t 2 = 1 and n = 1. Take E = 1,300,000 psi, 0 = 100,000 psi, 

Gj, = 100,000 psi, and tj, = O.OO 6 inch. Reference 22 gives E = 1,950^000 
and G between 72,000 and 104,000 for aircraft spruce at 12-percent 
moisture, but the value for E in most specifications and lists of 
properties is 1,500,000. The assumed values are, in any case, reasonable. 

When Gc = G, and t^^ = t 2 = n = 1, equation ( 6 ) for k^ may be 
written 

k2 = 2G/E[ti2(t^ + ti)J = 2G/E(tc + l) 

Since t^ is very small as compared with 1, k^ may be taken equal to 
2G/E. For the Joint tmder consideration, k^ = 200,000/1,500,000 or 
k = 0 . 392 . Hence, for L = 2.5 Inches or less, kL = 1.0 or less, 
and the shear stress along the Joint would be essentially uniformly 
distributed. The error resulting from sin assumption of uniform stress 
distribution for Joints between wood members somewhat longer than this 
would not be great, and it would be reduced as the thickness of the 
members Increased. 

Next consider a Joint between two sheets of 2024-T4 aluminum alloy 
having E = 10,500,000 psi, G = 4,000,000 psi, t^ = t 2 = 0.040 inch, 
and n = 1. Assume G^, = 100,000 psi and _tg = O.OO 6 inch. Then, k^ 
as computed from equation (6) becomes 68.05, and k, about 8 . 25 . To 
obtain kL = 1.0 for an approximately ■uniform shear stress in the 
cement, the lap leng-th would be less than I /8 inch -which is possible 
but not practicable for structural purposes. 

It is seen, then, that -bhe assimptlon of uniform distribution is 
tenable for materials having values of G approximately equal to those 
of Gq but not for -those ha-vlng large values of G as compared with G^,. 
Other factors enter -the problem, but -the ratio G/Gq. is the important 
one for members of normal proportions in -the various materials used in 
aircraft structures - 

Hie tensile or tearing stress -transmitted across -the cement between 
sheets may be approxima-fced (for more exact equations see ref. I 5 ) by the 
method of-ten used to obtain shear flows. An element y-units frcm the 
origin in the section shown 'in figure 27 carries the shear stress f ^ ' 
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which, frcm the developnent of equation (2), is fg' = " y) /■*'!• 

The shear force S on plane m’n* is then 

^ fg*-w dy = fgWt^ya (18) 

TT-ip tearing stress f^ between points and Xg on the cemented 

surface will he (S2 - Si)/[x2 - whence, with fg from equation (lO) 

and tg = nti, 

fg t^khln^cosh kJCg - cosh + jcosh(kL - hxgj - cosh(kL - 

■£ — ^ ■ - 

^ 2(xg - X 2 ^)(l + n)sinh kL 

This stress will he greatest where the shear stress is greatest, at the 
end of the joint where the thicker sheet is discontinued. 

A symmetrical, double lap joint such as that shown in figure ^ may 
he considered to he separated along the plane of symmetry so that each 
half may he analyzed by the above equations, or the eq.uations may he 
readily modified to apply to that lype of connection. 





36 


MCA TW 5415 


APPENDIX C 

A CONSIDERATION OP PROBEEJB INTRODUCED BY BENDING AT 
ENDS OF SINGIE LAP JOINTS 


Consider the single lap cemented Joint shown in figure 28(a) . When 
it is put into a testing machine and subjected to an axial tensile 
load P, it bends so that the lines of action of the forces P pass 
through the specimen approximately as indicated in figure 28(b) . The 
actual curves of deflection of the centroidal axes of the three seg- 
ments, AB, CDE, and PG, will be such as to produce a minimum change in 
the strain energy of the system. For sheets of unequal thickness a 
minimum energy analysis would be reqtilred for the evaluation of 
moments and at the ends of the specimen, and this analysis 

would require a knowledge of the characteristics of the Jaws of the 
testing machine since they will affect both the slopes and moments at 
A and G. 

To avoid the need for such data, assume the sheets in the Joint to 
be of equal thickness but thin enough that the tangents to the elastic 
curve at A and G will coincide with the line of action of the loads when 
P is relatively large. Point D in such a specimen will lie on the line 
of action of loads P, and points B and P will lie near it. Assume the 
deflection of B to be (l - a)t/2 and that of C to be at/2, where a 
has a value close to unity. Since the centroidal axes of segments AB 
and CDE are offset, the moment on the cross section of the single sheet 
at B is not eqixal to that on the two-Sheet segment at C. The moment of 
inertia of the two-sheet "beam" is eight times that for the single-sheet, 
so the radii of curvature of the two segments differ. The displacements 
occurring in the cement at the end of the top sheet are shown in figure 29. 

Plane abed before loading becomes ab’c’’*d" under load. The shear 
stress fg on the faying surface of the upper sheet warps plane ab to 
ab ' . The axial tensile stress in the lower sheet causes cd to move 
axially to c'd' and the bending rotates it to c"d". Then the shear 
stress fg on the faying surface of the lower sheet warps c"d" to c'’’d". 
The original plane be at the end of the cement is displaced to b*c*’*. 

Since arc cc‘c*'‘ has a smaller radius of curvature than bb', the thick- 
ness of the layer of cement tends to increase with increasing disteince to 
the left of be. Tensile stresses normal to the faying surfaces are 
therefore developed in •Uie cement in addition to the shear stresses. Ihe 
combination produces a concentration of stress at the end of the lap 
which tends, to start failure in the Joint. 
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Similar effects are to be expected in riveted joints, effects wMch. 
tend to separate, the sheets beyond the outer rivets and, hence, to apply 
forces tending to bend rivet shanks, to pry off rivet heads, and to 
produce nonuniform hearing between the shank and the edge of the hole so 
that the actual concentration of stress in a sheet adjacent to a rivet 
hole becomes a hi^ly indeterminate problem. It would appear that the 
simplifying assinnptlons ciostcsnarily made in the analysis of riveted 
joints, and the use of stress concentration factors based on two- 
dimensional stress variations, are misleading and dangerous. 

An exact analysis of either a cemented or a riveted joint seems 
Impossible at this time, but it is possible to provide for some of the 
effects just noted and to do so in a way that will Indicate the order 
of magnitude of the stresses involved, thou^ not their correct values. 

To do so, set up equations for the mcments on the segments of the 
specimen shown in figure 28(b) . For segment AB 

= Ml + - Mi)x/S + Py 


or, since 

II 

1 



= Mi[l - 2(x/s)] + Py 

(20) 

At B, X = 

(S - L)/2 and y = (l - a)t/2, so that 



% = 1%.(L/S) + (l - a)Pt/2 

(21) 

and, at C, 




= 1% + oP(t/2) = Mi(l/S) + (l - 2a)Pt/2 

(22) 


Hie moment between C and E is = Mq + - Mi)(x'/S) + Py’, and, 

since this becomes 

= Mi[(L - 2x’)/s] + Py’ (25) 


Hils indicates Mj^i = 0 at x’ = L/2 (at point D) , as it should since 
the system is antlsynanetrlcal about a plane through D. 

If equation (20) is differentiated twice with respect to x, 

d^l^/^x^ = P 
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But M^/EI = d^y/dx^ for stresses 'below the proportional limit, so ?■ 

d^iy^cLx^ - PM^/EI = 0 

The solution of this equation gives 

= C]L sinh(x/j) + C2 cosh(x/j) ( 2 l 4 -) 

where j = i/eI/P. Had the axial load been compressive instead of tensile, 
the functions would have "been circular instead of hyperbolic. 

At X = 0 , sinh x/j = 0 , cosh x/j = . 1 , and so C2 = Mj. 

At X = 0 , the shear dJ^dx = - 2 ^^S = ^ cosh(x/j) + sinh(x/j)} 
hence , 


= - 2 Mi(j/S)sinh(x/j) + cosh(x/j) (25) 

If the same operations are performed on equation (23) and if j' = /ei */P, 
1^1 = Cj sinh(x'/j’) + cosh(x’/J') (26) 

At X* = 0 , Mjjt = Mq = Cj^, and, at - -x’ = l/ 2 , = Of hence, 

-[^ - (1 - 2 a)^]cosh(L/ 2 J') 
sinh(L/ 2 J') 


M^. 


sinh(x‘/J*) + 




cosh(x'/j ’) 


(27) 


Equations ( 25 ) and (27) involve the unknowns and a. By 

inserting equation (25) into equation ( 20 ) and equation (27) into equa- 
tion (23) and solving for y and y* and then by substituting 
X = (S - L )/2 and x* = 0 in these expressions, y^ and are 

obtained. Since yg + (t/ 2 ) = y^', it is then possible to obtain Mq_ 
in tenns of a. The result is 


Ml = 


Pt(l - g) 


(28) 
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If a is taken as imity. Mi = 0. If a is sane value less than 
unity, as it is presumed to he, substitution of eqixation ( 28 ) into 
equation ( 21 ) gives 



In order to explore the probable magnitudes of assume that 

the ratio of specimen length to lap length S/L is 5^ consider 
that the material is aluminum alley having E = 10.5 X 10^ psi. For 
one condition, assimie P/A = 8,750 Psi; for a second, take 
p/a = 55^000 psi. Since 


j = j/eI/P = ^EAt^/lPP = i ^EA/5P 


j = 5 /i 0 ^ 5 _>L 1 o 6 ^ ^ 8 , 750 , and j = 5 t for 

2V 2.625 x 10^ 

P/A = 55,000 psi. 

Kie first term in brackets in equation ( 29 ) then becomes 


1/2 


coshf^tii-^ 

- ^ sinh( 


1 

A 20 t/ 

5L ' 

i. 20 t/ 

' 5 


or 


1/5 


cosh/^ii^') 

lot 

sinh('itIi-'\ 

1 

\10tJ 

" 5L 

Viot/ 

” 5 


If L/t is taken as 2, 5, and 15 in the first expression, the values 
for the term are 5 >56, 0.4 t 5, and O. 0278 , ^respectively. Then 
^/(l - a) = -i5-88Pt, -0.975Pt, and -0-5278Pt, respectively. For 
greater values of S/L these coefficients would be smaller, and for 
hi^er ratios of L/t they would approximate O. 5 O. 

Using the same values for L/t in the second expression, the 
values 0 . 801 , 0 . 09 ^ 5 , and 0.0011 are obtained. Then 

- a) = -1.591Ft, - 0 . 59 ^ 51 ’t, and -0.50UPt, respectively. 
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For a specimen of given wid-th and thickness, these courputations 
indicate that, with very short specimens and very short lap lengths, 

S/t = ID and L/t = 2, the tending moment in the single sheet at the 
end of the lap does not vary in proportion to the load. Since the 
values of P have heen assumed to vary hy four to one, ass\jme that 
P = 1,000 pounds in the first case and ll-,000 pounds in the second and 
that V!q increases from -5,86o(l - a)t to -5,204(l - a)t, or about 
55 percent. If this is even approximately correct, it is apparent that 
the proportions of the specimens used will have appreciable effects on 
the results obtained in fatigue tests. It seems reasonable to assume 
that similar effects could be expected on riveted, bolted, or welded 
specimens. 


If S/L . and L/t are each great enou^ that the first term in 
brackets of eqmtlon (29) is very small, becomes -(l - cc)Pt/2. 
The strain in a distance dx for the upper fiber of the lower sheet 


at section B is -e dx = (N^C/EI)dx = - |[(l - a)Pt/^ (t/2)y/^EAt^/l2)| dx = 

-[5P(1 - a)/^^dx due to bending. The strain d\ie to the tensile load 

is -(P/AE)dx, so the total strain at B is -[p(^ - 30 ')/A^dx. Under 
the assiamptlons, P = 0 in the upper sheet at B, and the bending strain 
is zero because the point lies on the neutral axis of the lap-joint 
segment. Tie rate of strain in the cement at the end of the lap is 
therefore -P(i|- - 3a) /AE if the effect of the tremsverse tensile stresses 
at that point is ignored. Then dU/dx s* -(It - 3a)Pp/AE instead of the 
-Pp/AE used in going from equation (8) to equation (9) . The maximum 
shear stress at x = 0 and x = L, since the sheets are of equal thick- 
ness, is therefore 


fg = (2 - 1.5a.)fc, (1 + cosh KL) (50) 

Smax ^ ^ ■' ®av sinh KL - 

No data are available for the probable magnitudes of a but it 
would be reasonable to assume values of 0.8 or 0.9 when investigating 
the changes in maximum shear stress when bending effects are included. 

Althou^ this analysis of the effect of bending on the action of a 
cemented joint contains several simplifying approximations and assump- 
tions, and althou^ it has been limited to lap joints in which the two 
sheets are of equal thickness, the results are believed to be of the 
rl^t order of magnitude. If so, they provide a partial explanation 
for the discrepancies observed when specimens which are dimensionally 
similar, on the basis of "standard" methods of joint analysis, are 
tested under fatigue conditions. Further work must be done to determine 
the magnitudes of the errcsrs in this analysis, or to develop more exact 
procedijres, before satisfactory correlation of fatigue test data on 
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cemented joints can be expected. Such joints are "continuous" and 
amenable to mathematical analysis. Riveted, bolted, spot welded, and 
similar "discontinuous" joints will presumably be subject to nonuniform 
stress distributions analogous to those in cemented joints, and the 
resialting stress concentrations will be more serious because they will 
occiir at points instead of in bands extending across the width of the 
specimen. 
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APPENDIX D 

METHOD OF CORBECTING PARALLAX ON X-RAY NEGATIVE 


Since the X-rays were emitted from, a point sotorce and were Inclined 
as they passed throng the rubber model to the X-ray negative, correc- 
tions had to be made to the displacements i^asured on the film in order 
to obtain the true elongations of the markers in the model. The dis- 
placement of a marker from the reference rtorker (described in the body 
of 1±Le text) was measured to a hxmdredth of an inch and corrected to 
obtain the true displacement by the following procedure: 

Ray 1 from the X-ray source causes point A (fig. 30 ) , a distance X]_ 
from the reference, in the rubber model to appear at point C on the X-ray 
negative, a distance X2^* frcm the reference. Under load, point A moves 
to A* and ray 2 causes A' to appear at C*"bn the negative, a distance 
xp' from reference. Ihe change in displacement in the model is 

Ax = X2 - XI » (51) 

but, referring to the diagram, 

^1 = ^l‘ - ^1 (52) 

xg = X2» - h2» ( 55 ) 

Substituting equations (52) and ( 55 ) for x^ and X2 in equation (5I) 
yields 

Ax = (X2* - h2') - (xi‘ - hi) (j 4 ) 

From similar triangles ONC and ABC 

D ^ ^ 

L xi' 

and frcm ONC and A'B'C 

D = V 
L X2' 

Introducing the expression for hi and h2* frcan equations ( 55 ) 
and (56) into equation ( 54 ) gives 

Ax = (X2* - xi')^li-^^ ( 57 ) 


( 55 ) 

(56) 



mCA TN 5415 


45 


The term X2' - is the change in displacement between points C 

and C' on the X-ray negative corresponding to points A and A’ in the 

model and when multiplied by the correction factor ^ ~ ^ yields the 

Lt 

actual change in displacement of a marker in the model under load. 
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TABLE I 

CHARACTERISTICS OF MATERIAIB TESTED 


Material 

E, 

psi 

psi 

Poisson’s ratio, ^ 

With 

respect to width 

With respect 
to thickness 

l/k-±n. Koylon 

11.10 

5.56 

0.305 

0.356 

1/4 -in. Foamex 

9.86 

2.96 

.351 

.521 

1/2-in. Foeunex 

8.68 

2.21 

.323 

.343 

1 -in. Foamex 

7.80 

2.26 

.535 

.518 

l/ 2 -in. Airfoam (soft) 

4.85 




l/ 2 -in. Airfoam (medium) 

7.14 




l/ 2 -in. Airfoam (firm) 

15.20 












TABLE II 


H-FUWCTIONS FOR CEMENTED JOINTS 


X 


N-fimctions 

at - 


L 

ti/t2 = 1/3 

OJ 

II 

> 

+3 

ti = t2 

ti/t2 = 2/1 

ti/t2 == 5/1 

kL = 1.0 

0.1 

0.09556 

0.09900 

0. 1(^88 

0.11276 

0.11620 

.2 

.18956 

.19565 

,20781 

.21997 

.22605 

.3 

.28297 

.29092 

.30681 

.52271 

.35066 

.k 

.57670 

.38576 

.40389 

.42201 

.45107 

• 5 

.47170 

.48114 

.50000 

.51886 

.52850 

.6 

.56893 

.57799 

.59611 

. 6 i 424 

. 62330 

• 7 

.66934 

.67729 

.69319 

.70908 

.71303 

.8 

.77595 

.78003 

.79219 

.80435 

.81044 

• 9 

.88380 

.88724 

. 8^12 

.90100 

.90444 

1.0 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

kL = 2.0 

0.1 

0.08883 

0.09994 

0.12215 

0.14436 

0.15546 

.2 

.17120 

.19050 

.22915 

.26776 

.28707 

• 5 

.25039 

.27554 

.32524 

.57514 

.40009 

.4 

.32960 

.35785 

.41454 

.47083 

.49908 

• 5 

.41201 

.44134 

.50000 

.55866 

.58799 

.6 

.50092 

.52917 

.5^66 

.64215 

.67040 

.7 

.59991 

.62486 

.67476 

. 72466 

.74961 

.8 

.71293 

.73224 

.77087 

.80950 

.82880 

•9 

.84454 

.^564 

.87785 

.90006 

.91117 

1.0 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

kL = 5-0 

0.1 

0.08797 

0.10716 

0.14555 

0.18395 

0.20512 

.2 

.16125 

. 19382 

.25895 

.52408 

.55665 

• 3 

.22648 

. 26782 

.35050 

.43518 

.47452 

.4 

.28958 

.55589 

.42849 

.52110 

.56740 

.5 

.35627 

.4o4l8 

.50000 

.59582 

.64575 

.6 

.45260 

.47890 

.57151 

.66411 

.71042 

• 7 

.52548 

,56682 

.64950 

.73218 

.77552 

.8 

.64335 

.67592 

.74105 

.80618 

.85875 

• 9 

. 79688 

. 81607 

.85445 

.89284 

.91205 

1.0 

1.00000 

1. 00000 

1.00000 

1. 00000 

1.00000 
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TABLE II.- . Continued. 
N-FIMCTIC(NS FOR CEMENTED JOINTS 


X 


N-functipns 

at - 


L 

ti/t2 = 1/5 

ti/t2 =1/2 

= ±2 

ti/t2 = 2/1 

ti/t2 = 5/1 

kL = 4.0 

0.1 

0.09578 

0.12002 

0.17250 

0.22499 

0.25125 

.2 

.16222 

.20545 

.29190 

.57856 

.42159 

.5 

.21644 

.27015 

.57756 

.48499 

.55869 

.4 

.26520 

.52460 

.44557 

.56215 

.62154 

.5 

.51845 

.57765 

.50000 

.62257 

.68555 

.6 

.57846 

.45785 

.55665 

. 67540 

.75480 

.7 

.46151 

.51501 

.62244 

.72985 

.78556 

.8 

.57841 

.62164 

.70810 

.79455 

.85778 

.9 

.74877 

.77501 

.82750 

.87998 

.90622 

1.0 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

kL = 5.0 

0.1 

0.10565 

0.15585 

0.20027 

0.26468 

0.29689 

.2 

.1699^ 

.22150 

.52405 

.42676 

.47815 

.5 

.21579 

.27815 

.40288 

.52761 

.58997 

.4 

.25291 

.52092 

.45694 

.59295 

.66097 

..5 

.29077 

.56050 

.50000 

.65950 

.70925 

.6 

.55905 

.40705 

.54509 

.67908 

.74709 

.7 

.41005 

.47259 

.59712 

.72185 

.78421 

.8 

.52187 

.57524 

.67597 

.77870 

.85006 

.9 

.70511 

•75552 

.79975 

.86415 

.89655 

1.0 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

kL'= 6.0 

0.1 

0.11517 

0.15250 

0.22718 

0.50185 

0.55919 

.2 

.18052 

.25795 

.55515 

.46858 

.52599 

.5 

.21962 

. 28797 

.42466 

.56155 

.62970 

.4 

.24766 

.52118 

.46822 

.61527 

. 68879 

.5 

. 27485 

.54989 

.50000 

. 65011 

.72517 

.6 

.51121 

.58475 

.55178 

.67882 

.75254 

.7 

.57050 

.45865 

.57554 

.71205 

.78058 

.8 

.47401 

.55162 

.^685 

.76207 

. 81968 

• 9 

. 66081 

.69815 

.77282 

.84750 

.88485 

1.0 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 
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TABLE II.- Continued 
K-FUNCTIONS FOE CEMEMTED JOIHTS 


X 


N-functlons 

at - 


L 

ti/t2 = 1/3 

II 

OJ 

•p 

ti = t2 

ti/t2 = 2/1 

tl/t2 = 3/1 

kL = T -0 

0.1 

0.12689 

0.16873 

0.25240 

0.53607 

0.57791 

.2 

.19096 

.25545 

.37844 

.50343 

.56592 

• 5 

. 22490 

. 29741 

.44244 

.58748 

.66000 

.k 

.24601 

.32303 

.47707 

.63112 

.70814 

• 5 

.26508 

.34339 

.50000 

. 65661 

.73492 

.6 

.29186 

.36888 

.52293 

.67697 

.75599 

• 7 

.34000 

.41252 

.55756 

.70259 

.77510 

.8 

.43408 

.49657 

.62156 

.74655 

.80904 

• 9 

.62209 

. 66393 

.74760 

.85127 

.87511 

1.0 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 

kL = 8.0 

0.1 

0.13812 

0.18395 

0.27563 

0.56751 

0.41315 

.2 

.20072 

, 26710 

.39985 

.55260 

.59898 

.3 

.23007 

.30554 

.45648 

. 60741 

.68288 

.4 

.24597 

.32522 

.48573 

.64225 

. 72148 

• 5 

. 25916 

.33944 

.50000 

.66056 

.74084 

.6 

.27852 

.35777 

.51627 

.67478 

.75403 

• T 

.31712 

.59259 

.54352 

.69446 

.76993 

.8 

.40102 

.46740 

.60015 

.75290 

. 79928 

•9 

.58685 

. 65269 

.72437 

. 81605 

.86188 

1.0 

1.00000 

1.00000 

1.00000 

J 

1.00000 

1.00000 

kL = 9.0 

0.1 

0.14855 

0.19798 

0.29684 

0.59571 

o. 4453 it 

.2 

. 20922 

.27872 

.41770 

.55671 

.62621 

• 3 

.25457 

.51215 

.46751 

. 62247 

.70005 

.4 

. 24655 

.52725 

.48860 

.64996 

.73064 

• 5 

.25555 

.55708 

.50000 

. 66292 

. 7444-5 

.6 

.26936 

.55004 

.51140 

.67277 

.75545 

• T 

.29995 

.37755 

.53269 

.68785 

.76543 

.8 

.37379 

.44329 

.58230 

.72128 

.79078 

• 9 

.55486 

.60429 

. 70516 

.80202 

.^145 

1.0 

1.00000 

1.00000 

1.00000 

1.00000 

1.00000 
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TABLE II.- Concluded 
W-FUNCTIONS FOR CEMENTED JOINTS 


X 

L 

N-functions at - 

ti/t 2 = 1/3 

ti/t 2 = 1/2 

|ti = t 2 

ti/t 2 = 2/1 

ti/t 2 = 3/1 

kL = 10.0 

0.1 

.2 

.3 

.4 

.5 

.6 

.7 

.8 

•9 

1.0 

0.15811 

.21641 

.25824 

.24728 

.25337 

.26512 

.28711 

.35142 

.52588 

1.00000 

0.21078 

.28844 

.51734 

.52888 

.53558 

.54472 

.56622 

.42545 

.57855 

1.00000 

0.51610 

.45250 

.ii -7556 

.49208 

.50000 

.50792 

.52444 

.56750 

.68590 

1.00000 

0.42145 
.57655 
.65578 
.65528 
.66442 
.67112 
. 68266 
.71156 
.78922 
1.00000 

0.47412 

.64858 

.71289 

.75688 

.74665 

.75272 

.76176 

.78559 

.84189 

1.00000 
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TABLE III 

VAUffiS OP (J-/ KL, 

kL(n + cosh kL) 


kL 


(1 + n)slnh kL 
kL(n + cosh kL) 

- 



n = 0 

n = 0.20 

n = 0.40 

n = 0.60 

n = 0.80 

n = 1.00 

0.^ 

0.9772 

0.9828 

0.9864 

0.9896 

0.9920 

0.9940 

.50 

.9242 

.9420 

.9550 

.9652 

.9732 

.9796 

.75 

.8455 

.8855 

.9046 

.9250 

.9414 

.9550 

1.00 

.7616 

.8090 

.8466 

.8774 

.9028 

.9242 

1.25 

.6667 

.7240 

.7718 

.8124 

.8474 

.8856 

1.50 

.6054 

.6675 

.7220 

.7692 

.8105 

.8566 

1.75 

.5559 

.5998 

.6579 

.7097 

.7560 

.8025 

2.00 

.4820 

.5492 

.6099 

.6651 

.7154 

.7616 

2.50 

.5946 

.4586 

.5186 

.5751 

.6285 

.6786 

5.00 

.5516 

.5902 

.4465 

.5007 

.5650 

.6055 

5.50 

.2852 

.5581 

.5898 

.4405 

.4897 

.5379 

4.00 

.2498 

.2976 

.5447 

.5911 

.4569 

.4820 

4.50 

.2221 

.2654 

.5082 

.5507 

.5929 

.4546 

5.00 

.1999 

.2595 

.2784 

.5174 

.5561 

.5946 

6.00 

. 1666 

.1997 

.2528 

.2658 

.2987 

.3516 

7.00 

.1528 

.1715 

.1998 

.2285 

.2567 

.2851 

8.00 

.1250 

.1499 

.1749 

.1998 

.2248 

.2498 

9.00 

.1111 

.1555 

.1555 

.1777 

.1999 

.2221 

10.00 

.1000 

.1199 

.1599 

.1599 

.1799 

.1999 
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!CABIE IV 

DMA. TAKEM lEOM X-EAY 
(a) Tvfo-Rivet Joint 


^ots 

L - D 
L 

^1' 

(Ub load) 

Xq> 

( 6 -lb load) 

* 1 * 

(No load) 

X 2 ' 

( 6 -lb load) 

xi‘ 

(No load) 

X 2 * 

( 6 -lb load) 

T station 


0.933 

8.49 

9.42 

9-09 

11.09 

8.56 

10.35 

0 

.936 

8.46 

9-39 -- 

9.07 

U.05 

8.56 

10.35 


. 9*^3 

8.43 

9.36 

8.99 

10.93 

8.62 

10.40 

1 

.950 

8.35 

9-29 

8-93 

10.83 

8.65 

10.41 


.957 

8.31 

9.23 

8.82 

10.67 

8.73 

10.44 

a 

. 9 &I- 

8.23 

9-15 

8.77 

10.60 

8.76 

10.47 


.971 

8.20 

9.11 

8.73 

10.55 

8.84 

10.55 

3 ' ' 

.978 

8.12 

9-04 

8.66 

10.53 

8.91 

10.67 


. 98 »t 

8.08 

8-99 

8.63 

10.52 

8.99 

10,79 

4 

.991 

8.00 

8.91 

8.58 

10.48 

9.04 

10.87 


.998 

7.99 

8.90 

8.54 

10.45 

9.08 

10.92 





0 station 





0.933 

7.64 

8.51 

8.25 

10.17 

7.77 

9.50 

0 

.936 

7.63 

8.50 

8.25 

10.16 

7.80 

9.32 


.91^3 

7.57 

8.44 

8.17 

10.05 

7.84 

9.56 

1 

.930 

7.51 

8 . 4 o 

8.11 

9-97 

7.88 

9.38 


.957 

7.46 

8.35 

8.06 

9-89 

7.97 

9.66 

2 

. 964 - 

7.41 

8.30 

8.01 

9.81 

7.99 

9.67 


• 971 

7.36 

8.23 

7-96 

9.77 

8.05 

9.74 

3 

.978 

7.30 

8.17 

7.88 

9.69 

8,10 

9.82 


.984 

7.26 

8.11 

7.85 

9.67 

8.18 

9.95 

It 

.991 

7.19 

8.03 

7-79 

9.61 

8.21 

9.97 


.998 

7.16 

8.00 

7-76 

9.59 

8.28 

10.05 

H station 


0.933 

6.86 

7.65 

7-50 

9.35 

7-04 

8.73 

0 

.936 

6.84 

7.64 

7-47 

9.31 

7.04 

8.74 


.943 

6.79 

7.61 

7-59 

9.21 

7.10 

8.78 

1 

.950 

6.76 

7.60 

7-35 

9-15 

7.13 

8.82 


.957 

6.71 

7.57 

7-33 

9-11 

7.20 

8.85 

2 

.964 

6.65 

7.51 . 

7-24 

9.02 

7.21 

8.87 


.971 

6.61 

7.46 

7.21 

8-97 

7.29 

8.94 

3 

.978 

6.55 

7-37 

7-13 

8.90 

7.32 

8.99 


.984 

6.49 

7-28 

7.10 ' 

8.87 

7.38 

9.06 

li- 

.991 

6.46 

7.22 

7.01 

8.79 

7.40 

9.11 


.998 

6.40 

7-15 

7-01 

8.79 

7.46 

9.17 


I station 


0.933 

6.04 

6-75 . 

6.66 

8.47 

6.27 

7.92 

0 

.936 

6.00 

6.75 

6.63 

8.41 

6.28 

7.92 


.943 

5.97 

6.74 

6.57 

8.33 

6.33 

7.96 

1 

.950 

5.94 

6.74 

6.53 

8.27 

■ 6.37 

7.99 


.957 

3.90 

6.71 

6.51 

8.25 

6.41 

8.02 

2 

.964 

5.86 

6.71 

6.45 

8.17 

6.42 

8.03 


.971 

5.85 

6.65 

6.41 

8.13 

6.48 

8.07 

3 

.978 

5-77 

6.53 

6.35 

8.07 

6.50 

8.11 


.984 

5.71 

6.43 

6.33 

8.05 

6.54 

8.17 


.991 

5.67 

6.36 

6.26 

7.97 

6.56 

8.20 


.998 

5.^ 

6.33 

6.25 

7.96 

6.60 

8.25 
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TABIf IV.- CoDCluIcd 
Dm TAKES 7RDH X-RAZ 
(b) Eiree-StlTOt Joint 


l^lnch sheets l/g-lnob sbe«t Ij 1/2-lnch abeet 2, jj l^ln<2i sheets |l/2^incb alieat l/2^1ndf abeat 2, 

lover rivet lover rivet lover rivet I upper rivet j upper rivet upper rivet 


xj_’ *2- 

(Ho (8-lb I (Ho 
load) load) I load) 


11.83 

13.13 

12.26 

14.35 

11 .^ 

13.13 

12.20 

14.28 

11.73 

13.03 

12.15 

14.19 

11.62 

12.91 

12.03 

14.07 

11.55 

12.83 

11.95 

13.89 

li.bb 

12.73 

11.83 

13-73 

11.38 

12.65 

11.77 

13 .« 

11.27 

12.55 

11.68 

13.65 

11.21 

12 .b 7 

11.61 

33.M 

11.11 

12.36 

u-53 

13.53 

11.09 

12.33 

11.49 

13-49 


* 2 ’ I * 1 ' 

(8-lb I (Ho 
load) load) 


3£g' Xi* Z2' 

(8-lb (Ho (8-Jb 
lead) load) load) 


6-35 

7.22 

6.78 

8.33 

6.80 

6.33 

7.19 

6.78 

e.32 

6.76 

6.29 

7-15 

6.71 

8.g 

6.71 

6.25 

7.10 

6.6E 

8.14 

6.63 

6.19 

7-03 

6.58 

8.(5 

6.56 

6.14 

6.97 

6.55 

7.97 

6.50 

6.11 

6.9b 

6.32 

7-95 

6.47 

6.cb 

6.87 

6.47 

7-90 

6.39 

6.00 

6.8} 

6.45 

7.88 

6.31 

5.95 

6.77 

6.40 

7-85 

6.31 

5.93 

6.74 

6.37 

7-82 

6.31 


12.2b U.bb 
12.21 U.bl 

12.12 11.33 
12.03 U.23 
11.93 11.15 
11.88 11.06 
U.78 11.01 
10.9b 


0.931 

10.21 

11.39 

10.61 

.934 

10.17 

11.38 

10.57 

- 9 b 2 

10,09 

11.29 

10.51 

• 9 b 9 

10.03 

11 . 2 b 

10.43 

.956 

9-95 

11.17 

10-37 

•b <3 

9.85 

11,09 

10.28 

-970 

9.79 

11.00 

10.21 

-977 

9.71 

10.90 

10.15 

.984 

9-62 

10-79 

10.08 

.991 

9.56 

10,72 

9-99 

-998 

9.49 

10.64 

9.99 


0.951 9-39 

•93b 9.33 


5-56 

6.51 

3-W 

7-b3 

6.00 

7*50 


6.31 

3.95 

7.43 

5-» 

7-25 

5.46 

6.23 

5.87 

7.35 

5-91 

7.19 

5.45 

6.23 

5-85 

7-29 

5-g 

7.11 

5-bO 

6.38 

5-83. 

7.21 

5-78 

7.05 

5.36 

6.13 

5.76 

7.16 

5-72 

0.9^ 

5.31 

e.09 

5.7? 

7.U 

5.71 

6.95 

5.27 

6.01 

5.^ 

7.06 

5.61 

6.86 

5-23 

5.97 

5.66 

7.05 

5.58 

6.^ 

5-20 

5-92 

5.61 

7.00 

5.5b 

6.79 

5.13 

5.87 

5.60 

6.99 

5.51 

6.77 


4.69 

5.36 

5.18 

6.^ 

5-19 

6.43 

4.68 

5.36 

5.16 

6.60 

5.13 

6.39 

4.65 

5.33 

5.10 

6.52 

5.10 

6.33 


5.33 

5.10 

6.47 

5-04 

6.28 

4.59 

5-31 

5-07 

6.44 

5.05 

6.2b 

4.53 

5-» 

5.01 

6.36 

4.96 

6.17 


5-» 

4.W 

6.33 

4-Sb 

6.13 

4.49 

5.17 

4.94 

6.27 

4.89 

6.11 

4.45 

5.11. 

4.91 

6.26 

4.85 

6.07 

4.44 

5.07 

4.87 

6.20 

4.79 

6.01 

4.40 

5-oe 

4.87 

6.20 

4.79 

e.oL 

P station 


4.46 

4.34 

5.73 

4.33 

4.46 

4.33 

5.72 

4.29 

4.42 

4.28 

5-65 

4.28 

4.40 

4.25 

5-59 

4.25 

4.39 

4.25 

5-57 

4.22 

4.39 

4.21 

5.51 

4.16 

4-39 

4.20 

5.47 

4.15 

4.29 

4.17 

5.44 

4.12 

4.21 

4.16 

5.43 

4.07 

4.17 

4.10 

5.38 

4.03 

4.11 

4.10 

5-39 

4.01 
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Figure 2.- Stress- strain relations for different foam-rubber sangoles. 
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Figure 3.- Torsion test apparatus. 
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Angle of Twist X Moment of Inertia, in.'^ 


Figure Modulus of elasticity in shear for different foam-rubber samples. 
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Figure 5-- A simple lap joint. 
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(b) 16-pound load. 
Figure 6.- Concluded. 
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Failing Load 

Specimen 1 7,820 Lb 

Specimen 2 8,235 Lb 




(b) Doxible lap. 
Figure 7-“ Concluded. 




Normal Stress, i?si 
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O Row 5 □ Row 7 



(c) Rcfw 5^ row 6. (d) Row 7, row 8. 


Figure 8.- Continued. 
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B. (b) Column C, column D. 

Normal stress distribution along the lap. 
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(a) Row 1, row 2. 


Figure 10.- Shear 


(b) Row 3 , row 4 
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Figure 10.- Continued 
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Figure 11.- Shear stress distrlbutioa along the lap 
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(c) Coliamx E, column E. 


(d) Column G-, column H. 


Figure 11.- Concluded 
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Figure 12 .- Normal stress distribution in pounds per square inch.. Load 

approximately 16 pounds. 
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Figure 15 -- Shear stress distribution in pounds per square inch. 

approximately 16 pounds. 


Load 
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5 -lb Load 
(a) Edge view. 

Figure 15.- X-ray tracing of a single-rivet double lap joint under load. 










(a) Two-rivet joint. 
Figure I?.- Load distritutlon 
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l>lnch Sheet 


Joint for 8-Lb Load 
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1.43 
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(b) Three -rivet Joint. 
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Tensile Stress, psi 
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Figure 18.- Concluded. 



Tensile Stress, psi 
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(a) l-lncii sheet, upper rivet. 


(b) l-incsh Sheet, lower rivet. 


Figure 19.- Tensile stress distribution across sheets between rivets in three-rivet Joint 
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(c) "inch sheet 1, upper rivet. 


( d) i - inch sheet , lower rivet . 


Figure 19.- Continued. 
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Figure 19 .- Concluded 
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6-lb load 



(a) n?wo-rivet Joint. 

Figure 20.- X-ray tracing of joints under load 
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(t) Three-rivet Joint. 
Figure 20 .- Concluded. 




Figure 22.- Resolution of forces and moments in cemented joint. 
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Figure 25.- Stress eind displacement in a sheet element. 
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Figure 26.- 




Figure 27.- Shear stress analysis in element of cemented sheet. 








